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Water lubrication is an environmentally friendly tribological system. Silicon carbide (SiC) is a 
promising material for water lubrication. Tribochemical reaction between SiC and water occurs 
during friction, which enables chemical wear. Low friction is achieved by sliding of self-mated SiC 
in water after running-in period. Low viscosity of water contributes to achieve low friction. However, 
water lubrication has low load carrying capacity owing to low viscosity, which restricts a usable 
condition of water lubrication. Using additives is a promising approach to solve this problem. The 
author focused on nanocarbons as additive for water. In this study, two types of nanocarbons, carbon 
nanohorn (CNH) and nanodiamond (ND), were introduced as additive. Both nanocarbons are highly 
dispersible in water.  
Objective of this thesis is to create low frictional interface in water with nanocarbons for 
improving load carrying capacity of water lubrication of SiC/SiC. 
Chapter 1 is the introduction. The importance of tribology is described in terms of both cost and 
the environment. The author summarizes previous studies about water lubrication with ceramics, 
which is an eco-friendly and environmentally-friendly tribological systems, and points out the 
essential problem of water lubrication. In addition, the author describes possibility of control of 
friction interface by addition of nanoparticles, especially nanocarbons, in water. Lastly, objective 
and structure of the thesis are described.  
  In chapter 2, running-in of SiC/SiC in water was investigated with ball-on-disk friction tester in 
order to develop strategy for improvement of load carrying capacity. It was clarified that running-
in of SiC in water is the process where self-formation of hydrophilic nanointerface becomes possible 
by transition of wear mode from mechanically dominated wear to tribochemically dominated wear. 
Tribochemical reaction between SiC and water during sliding was clarified by analysis of generated 
wear particles. Basic strategy to decrease friction in boundary lubricated contacts of self-mated SiC 
in water was proposed to self-forming nanointerface by tribochemically dominated wear under 
severe contact condition. 
In chapter 3, in order to suppress mechanical wear of SiC, CNH was used as additive. It was 
clarified that CNHs self-form carbon films on worn surfaces during friction. It was found that low 
friction coefficient (around 0.05) and low specific wear rate of ball (i.e. in the order of 10-7 mm3/Nm) 
are obtained by self-formed carbon films in high concentration of CNH. It was clarified that addition 
of CNH is able to suppress mechanical wear of SiC but it is unable to enhance chemical wear of 
SiC. On the other hand, it was found that surface with embedded solid lubricants is self-formed by 
combination of CNH and surface texturing. Thus, addition of carbon nanohorn is preferable to use 
for friction reduction of boundary lubrication regime by controlling formation of carbon films.  
iv 
In chapter 4, self-formation technology of surface with embedded solid lubricants was developed 
with combining CNH and surface texturing. Micrometer- and nanometer-shapes of concave region 
formed using laser-surface texturing act to strongly adhere carbon films on substrate, resulting low 
and stable friction property is achieved. Process of formation of lubricious carbon films from CNHs 
were proposed based on observations. Moreover, it was demonstrated that texturing design realizes 
continuous self-formation of the surface structure with embedded CNHs even at lower 
concentration. 
  In chapter 5, in order to enhance tribochemical wear of SiC, ND was introduced. It was clarified 
that OH-terminated ND can decrease friction and wear in completely different mechanism 
compared to CNH. Its effects were enhanced in quite low concentration (i.e. 0.001 mass%). It was 
clarified that slight addition (0.001 mass%) of OH-terminated ND gives low friction coefficient of 
0.01 and improves load carrying capacity of SiC/SiC in water about tenfold. In high concentration 
of OH-terminated ND, ND aggregated and carbon films from nanodiamond were formed. This 
nanodiamond-derived films causes high friction unlike carbon nanohorn-derived films. Slight 
addition of OH-terminated ND allows tribochemical reactions between SiC and water and 
formation of nanointerface. Moreover, slight addition of ND induces tribochemically dominated 
wear of SiC from early stage of sliding, which enables to achieve low friction even under high 
contact pressure. 
  In chapter 6, COOH-terminated ND was applied to further improve friction properties. It was 
shown that design of surface termination of ND enables to control aggregation property during 
friction, which enables to give low friction in a wide range of concentration. On the other hand, 
COOH-terminated ND showed relatively high friction at 0.001 mass% of concentration compared 
to OH-terminated ND owing to relatively high specific wear rate. It was shown that friction and 
wear properties in water are drastically improved by running-in with slight OH-terminated ND. 
This result means that tribochemical reaction of SiC in water without nanodiamond is sufficient to 
continuously self-form low frictional nanointerface even under severe contact condition after low 
frictional nanointerface is created with nanodiamond. It is proposed that utilize slight 
nanodiamond only for initial running-in of SiC itself improves load carrying capacity of water 
lubrication with self-mated SiC. 
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 Demands for tribology 
  Tribology is defined as “the science and technology of interacting surfaces in relative motion 
and of related subjects and practices” [1]. Performance, reliability and durability of machines 
are determined by tribological performance of the contact surface. Jost has clearly reported 
the economic impact of tribology [2], referred as the Jost Report. It was estimated that 
tribological improvements cause 515 million £ cost reduction per year in U.K. as shown in Fig. 
1-1. Similarly, the economic effects of tribology in Japan was estimated to 1.99 trillion YEN 
per year, and that cost corresponded to a few percent of the gross domestic product (GDP) in 
Japan [3]. Actually, Sakata et al. has reported that their continual activities on tribology 
brought out more than 2 billion YEN cost reduction per year and reduced the number of 
mechanical failures to one tenth in their ironwork [4]. 
  The energy problem is important on global scale. Oil consumption accounts 39.9% of the 
global energy consumption, and transportation accounts 64.5% of the global oil consumption 
as shown in Fig. 1-2 [5]. Fig. 1-3 shows breakdown of passenger car energy consumption. Total 
friction losses account for 33% of fuel energy. In other words, fuel energy is wasted to overcome 
friction at contact interfaces. Hence, enormous energy is used to overcome friction day-to-day. 
Nakamura has investigated improvement of fuel efficiency of passenger cars [6,7]. It was 
predicted that fuel efficiency with the JC08 test of the passenger car in 2020 will improve by 
29% compared to that of the passenger car in 2010 by taking advantage of tribology. 
  Thus, advance of tribology enables to enormous cost savings and contributes to energy 
savings and resource savings. Therefore, controlling of friction and wear has been strongly 
required. In particular, low friction techniques have received lots of attention. 











Fig. 1-1 Industrial cost saving by tribology in U.K. in 1965 [2]. 
  
Savings in maintenance 
and replacement costs 
Saving on losses  
consequential upon breakdown 
Savings in investment 
through increased life  
of machinery 
Reduction in consumption  
through lower friction 
Savings in investment 
due to higher utilization ratios  
and greater mechanical efficiency  
Reduction in manpower 














Fig. 1-2 Global energy and oil consumption in 2014 [5]. 
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 Previous researches in water lubrication 
1.2.1 Potential of low viscosity fluids as lubricant 
.  Many industrial machines are lubricated by oil lubrication. In general, operations of 
machines under hydrodynamic lubrication state are desired. Under hydrodynamic lubrication 
state, mating surfaces are ideally separated by fluid film, which results in reduction of wear 
and friction. Friction coefficient under hydrodynamic lubrication state depends on viscosity of 
lubricant fluid. Therefore, lowering of lubricant viscosity is an effective approach to decrease 
friction coefficient. In fact, commercial engine oils classified as 5W-30 were used for general 
cars in 1990s, however 0W-20 oils, lower viscosity oils, are mainly used at present. Kinetic 
viscosity of representative engine oils [9,10] are shown in Fig. 1-4. Kinetic viscosity of 0W-20 oil 
at 40 °C is 23% lower than that of 5W-30 oil, contributing to improve fuel efficiency. Fig. 1-5 
shows schematic image of Stribeck curve. Stribeck curve shows friction coefficient as a function 
of dimensionless number G (=V/P), where  is viscosity of fluid [Pa･s=N･s/m2], V is sliding 
speed [s-1] and P is contact pressure [N/m2]. Lubrication state is divided into hydrodynamic 
lubrication, mixed lubrication and boundary lubrication. Decrease of G including lowering of 
lubricant viscosity causes increase of contacts of self-mated materials. In other words, the 
lower G is, the harder formation of fluid films is. In order to utilize lower viscosity lubricant 
under hydrodynamic lubrication regime, lower contact pressure or higher sliding velocity is 
necessary. Thus, in principle, low viscosity fluid gives low friction under hydrodynamic 
lubrication regime, while use environment of low viscosity fluid is limited. Therefore, it is 
broadly interpreted that low load carrying capacity is an essential problem of low viscosity 
fluid. 






Fig. 1-4 Viscosity of engine oils of 5W-30: Shell HELIX HX7 AJ 5W-30 [9] and 0W-20: Shell 
HELIX HX7 AJ-E 0W-20 [10]. 
 
 











































1.2.2 Water lubrication with ceramics 
  Water is a typical low viscosity fluid. Water lubrication has been investigated since the 1980s. 
Tomizawa and Fischer have reported friction and wear properties of silicon nitride (Si3N4) and 
silicon carbide (SiC) in water [11,12]. They found that sliding of self-mated Si3N4 in water gives 
quite low friction coefficient, namely < 0.002. It was clarified that hydrodynamic lubrication 
can be obtained when Si3N4 slides against Si3N4 or SiC in water. Following this report, water 
lubrication with various ceramics in water environment has been investigated by many 
researchers [13–19]. Sasaki has shown that self-mated SiC as well as self-mated Si3N4 gives low 
friction in water [13]. Mizutani et al. have also reported that low friction coefficient ( = 0.01) 
was obtained with SiC and Si3N4 in water [17]. Anderson has indicated that sliding of silicon-
based ceramics including SiC and sialon (Si3N4･Al2O3) enables fluid film lubrication and gives 
low friction in water [18]. Advantages of using water as a lubricant are not only low viscosity, 
but also low cost, cleanness, abundance of resources and environment friendly. Therefore, 
water lubrication system is regard as an eco-friendly and environmentally friendly lubrication 
system. Actually, application of water lubrication has been developed [20–23]. Hachiya has 
introduced the water-flooded screw compressor and described several advantages of it [22]. 
  It has been well known that friction of self-mated Si3N4 and SiC gradually decreases with 
sliding in water as shown in Fig. 1-7 [24]. In other words, running-in is required for achieving 
low friction in water. Chen et al. have investigated tribological property of self-mated SiC and 
Si3N4 with different initial roughness as shown in Fig. 1-8 [25]. They found that the larger the 
initial roughness is, the longer the running-in period is and that the running-in of self-mated 
Si3N4 is shorter than that of self-mated SiC. The difference of running-in was discussed from 
the viewpoint of wear. It has been recognized that chemical wear of Si-based ceramics in water 











































1.2.3 Tribochemical reaction between ceramics and water 
  Silicon-based ceramics are widely used for high-temperature structural materials or high-
temperature heating elements because they have superior oxidation resistance in high 
temperature. It is also known that they have good corrosion-resistance. Therefore, it is hard 
to oxidize Si-based ceramics. Actually, as summarized by Hibi [26], oxidation of SiC or Si3N4 
with gases such as air, oxygen and hydrogen requires more than 1000 °C in temperature. 
Yoshimura et al. have investigated oxidation of Si3N4 powder and SiC powder in high-
temperature and high-pressure water [27,28]. They clarified that hydrothermal oxidation of 
Si3N4 occurs above 200 °C and that of SiC occurs above 500 °C. They confirmed formation of 
amorphous SiO2 and generation of methane gas and ammonia in water after hydrothermal 
oxidation tests. Oxidation reactions of Si3N4 and SiC were indicated as follows: 
 Si3N4 + 6H2O → 3SiO2 +4NH3 ( 200 °C < T < 800 °C) (1.1) 
 SiC + 2H2O → SiO2 + CH4 ( 500 °C < T < 800 °C) (1.2) 
  Proposed reaction model is shown in Fig. 1-9. Gogotsi and Yoshimura have investigated 
hydrothermal oxidation of SiC fiber [29,30]. They demonstrated that amorphous or 
microcrystalline carbon layer is formed on SiC by hydrothermal oxidation. Chemical reaction 
was proposed as follows: 
 SiC + 2H2O → SiO2 + C + H2 ( 300 °C < T < 800 °C) (1.3) 
  Gogotsi et al. have investigated hydrothermal reaction of various types of SiC [31]. 
Representative Raman spectra of various types of SiC after hydrothermal treatment are shown 
in Fig. 1-10. Two bands with peaks at ~1350 and ~1590 cm-1 are typical peaks of disordered 
graphite. The former peak is referred as D peak, the latter peak is referred as G peak. Raman 
analysis confirmed that various types of SiC generate graphitic carbon by hydrothermal 
oxidation as expressed by Eq. (1.3). This generated carbon is referred as carbide-derived carbon 
(CDC), and synthesis, structure and application of CDCs have been studied [32,33].  
   As described above, hydrothermal oxidation of SiC or Si3N4 requires high-temperature and 
high-pressure. However, it has been reported that this reaction occurs even in room 
temperature by friction in water environment. Sugita et al. have proposed that Si3N4 is 
oxidized by friction, and then oxidized layer is changed to an amorphous hydrate SiO2･xH2O 
[34]. Tomizawa and Fischer have discussed tribochemical reactions between Si3N4 and water 




SiO2 by hydrothermal oxidation and dissolution of that SiO2. They explained chemical wear of 
Si3N4 by two tribochemical reactions as Eqs. (1.1) and (1.4).  
 SiO2 + 2H2O → Si(OH)4  (1.4) 
  Saito et al. confirmed formation of SiO2 and NH3 by friction of self-mated Si3N4 in water [35]. 
Sasaki detected ammonium ion, NH4+, in water after friction test of self-mated Si3N4 [13]. These 
results support occurrence of tribochemical reaction as expressed by Eq. (1.1). Furthermore, 
Sasaki assumed possible tribochemical reactions, including Eq. (1.2) of SiC in water. Kitaoka 
et al. have studied tribological characteristics of self-mated SiC in high-temperature and high-
pressure water [36,37]. They conducted friction tests in the pressure vessel and detected gases 
generated by tribochemical wear. Generation of four gases, H2, CO2, CH4 and C2H6, were 
confirmed. Accordingly, four tribochemical reactions as Eqs. (1.2), (1.3), (1.5) and (1.6) were 
proposed.  
 SiC + 4H2O → SiO2 + CO2 + 4H2 (1.5) 
 SiC + 2H2O → SiO2 + 1/2C2H6 + 1/2H2  (1.6) 
  In addition, they estimated each wear volume caused by tribochemical reactions as shown 
in Fig. 1-11. It was concluded that dominant tribochemical reaction at 120 and 300 °C is Eqs. 
(1.3) and (1.5), respectively. Although experiments were also conducted in water at room 
temperature under atmospheric pressure, they were not able to detect gaseous products 
because wear volume at room temperature was small. Kato has investigated friction property 
of self-mated SiC in water at room temperature and clarified that Si concentration of water 
increases by the friction test [38]. He assumed that dissolution of Si(OH)4 owing to tribochemical 
reactions caused increase of Si concentration. Although it has not been fully clarified 
investigated tribochemical reaction of SiC at room temperature, Eqs. (1.1) and (1.2) are widely 
accepted as tribochemical reactions at room temperature of Si3N4 and SiC [24,26,39,40]. Hibi has 
explained tribochemical wear of Si3N4 and SiC by a three-step process [26]. First, amorphous 
SiO2 is formed by reactions of Eqs. (1.1) and (1.2). Second, amorphous silica is hydrated by 
reaction of Eq. (1.4), and then Si(OH)4 is eluted in water. Third, hydrated silica gel layer is 
formed on amorphous SiO2 layer by the precipitation of eluted Si(OH)4. Hibi assumed that 
hydrated silica gel layer is soft and low-shear strength. Very few studies have shown formed 
silica gel [41]. There have been general agreement among researchers that tribochemical 




Xu et al. have investigated the transition of wear mode during running-in of self-mated Si3N4 
in water [42,43]. They observed wear particles in water at different periods of sliding distance. 
Based on observations and analyses of wear particles, they showed transition of wear modes 
during running-in of Si3N4 as shown in Fig. 1-12. Besides, it was estimated that the activation 
energy of tribochemical reaction of Eq. (1.1) is 1/6–1/8 as small as that of static reaction. They 
explained that low friction is achieved by hydrodynamic lubrication due to smooth surface and 
boundary lubrication due to the silica layer. As has been noted, tribochemical reactions and 
running-in enable to utilize water as lubricant. However, as described in 1.2.1, water, low 
viscosity fluid, has an essential problem of low load carrying capacity. That is to say, low 
friction of water lubrication is achieved under limited conditions.  





Fig. 1-9 Reaction model of hydrothermal oxidation [28]. 
 
Fig. 1-10 Representative Raman spectra of various types of SiC after hydrothermal 
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Fig. 1-11 The total wear volume and each wear component by tribochemical reactions of SiC 












1.2.4 Strategies to improve load carrying capacity 
  In principle, as shown in Fig. 1-13, there are two ways to improve load carrying capacity 
[44,45]. One is friction reduction in the boundary lubrication regime by formation of solid 
lubrication films. Surface modification such as coatings or use of additive is widely applied. 
For example, molybdenum dithiocarbamate (MoDTC) is well known as friction modifiers and 
has been used for some engine oils. MoDTC self-forms MoS2 films on frictional interface during 
friction, which contributes to friction reduction [46,47]. In this approach, shear of modified layer 
determines friction. The other is extension of the full film regime of the Stribeck curve towards 
higher load and lower sliding speed. It has been recognized that introduction of surface 
texturing or smoothing and conforming of the mating surfaces by running-in is effective to 
extend the full film region. The latter approach has been taken for water lubrication. 
  Surface texturing is a commonly used surface modification technique [48]. Wang et al. have 
conducted a series of studies on surface texturing for improving load carrying capacity of water 
lubrication of self-mated SiC [49–52]. They evaluated the effects of micro-pits formed by etching 
on the critical load of the transition of the lubrication mode from hydrodynamic lubrication to 
mixed lubrication. It was shown experimentally and theoretically that an optimum geometric 
and distributive range of micro-pits exists, which improved load carrying capacity at least 
twice over [49,50]. They have also clarified that mixed pattern with large and small dimples 
shows three times higher load carrying capacity than that of non-textured surface as shown in 
Fig. 1-14. Surface texturing by femtosecond laser [53] or nanosecond laser [54] has also been 
investigated to improve friction properties in water. 
  Adachi has reported that load carrying capacity of SiC/SiC in water increases with 
increasing running-in load [55]. Fig. 1-15 shows effect of running-in loads on friction properties. 
It was confirmed that running-in make surface more hydrophilic as shown Fig. 1-16. From 
these results, he has proposed that newly self-formed surface so called nanointerface with high 
hydrophilicity is one of the requirements to improve load carrying capacity of water lubrication. 
If low frictional interface is self-formed continuously during friction, that friction system will 
have semipermanent life. Thus, science and technology for active control of newly created 
interface during friction are strongly required for other friction systems as well as water 
lubrication system. It has been reported that surface texturing can enhance tribochemical 




by combining surface texturing and running-in [58]. Hatta et al. have investigated formation of 
low-friction interface by multi-scale surface texturing in water lubrication of SiC/SiC [59,60]. 
They have clarified that changes of surface wettability during running-in differ due to surface 
texturing. It has been proposed by them that hydrophilic nanointerface is created during 
running-in with tribochemical reactions, which is key to achieve low friction under higher load. 
Fig. 1-18 shows cross-sectional transmission electron microscopic (TEM) image of worn surface 
of textured SiC after running-in [60]. Formation of nanointerface of thickness around 5 nm is 
confirmed. Thus, effects of surface texturing and running-in have been investigated to actively 
control newly formed frictional interface.  
  On the other hand, Ito et al. have investigated effects of addition of silica nano-particles on 
friction properties of self-mated S3N4 in water [61]. It was found that addition of silica particle 
in water can accelerate running-in, resulting lower friction is achieved as shown in Fig. 1-19. 
Thus, addition of nanoparticles in water is another promising approach to create low frictional 
interface during friction. That is to say, addition of nanoparticles has a possibility to realize 
improvement of load carrying capacity of water lubrication. Among nanoparticles, carbon 
nanoparticles, namely nanocarbons, have been attracting attention in recent years. As their 
name suggest, nanocarbons are carbon materials. From point of view of environmentally 
friendly system, additives which do not include rare chemical elements are desirable for water 







Fig. 1-13 Modification of Stribeck curve. 
 
 
Fig. 1-14 Effect of surface texture pattern on friction properties of SiC/SiC in water [52]. 
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 Previous researches in nanocarbons 
1.3.1 Developments of nanocarbons 
  Inagaki et al. have been proposed that nanocarbons can be defined as carbon materials 
having either nano-size or nano-structure [62,63]. Nanocarbons has been studied since when 
Kroto et al. found the C60 molecule, fullerene, in 1985 [64]. Subsequently, they were given the 
Nobel Prize in Chemistry in 1996. After discover of fullerene, multi-walled carbon nanotube 
(MWNT), single-walled carbon nanotube (SWNT) and carbon nanohorn (CNH) were discovered 
by Iijima et al [65–67]. Novoselov et al. obtained graphene layers by mechanical exfoliation of 
highly oriented pyrolytic graphite [68]. Schematic diagrams of nanocarbons are shown in Fig. 
1-20 [69]. Graphene is wrapped up into zero-dimensional fullerene, rolled into one-dimensional 
carbon nanotube (CNT) or stacked into three-dimensional graphite. CNH is a kind of CNT and 
has the corn structure as shown in Fig. 1-21 [70]. CNHs exist as spherical-shaped aggregates of 
CNH and one aggregated particle is about 100 nm in diameter [67]. Each nanocarbon has 
several interesting properties. Properties of carbon nanotube[71] are summarized in Table 1-1. 
Its superior material properties have many potential applications. Actually, the world’s first 
mass production plant for carbon nanotubes have begun operation since 2015 [72]. Graphene-
related nanocarbons including CNT and CNH are sp2 carbon, while nanodiamond is sp3 carbon. 
Among nanodiamond, single digit detonation nanodiamond taking attentions because of its 
wide range of potential applications such as tribology, drug delivery, and bioimaging so on [73]. 
 
1.3.2 Applications of nanocarbons for tribology 
  Tribology is one field of potential applications of nanocarbons. For example, tribological 
characteristics of CNT-based composites have been investigated [74–77]. Some studies have 
revealed positive effect of CNT for friction reduction or anti-wear. Berman et al. have 
investigated friction and wear properties of graphene in macro scale and nano scale [78–81]. 
Additionally, they have reported that superlubricity (~0.004) is achieved by combination of 
graphene, nanodiamond and diamond-like carbon (DLC) coating [82]. Their observations and 
computational simulations demonstrated that graphene scroll formation, that is, graphene 
wraps nanodiamond. Thus, nanocarbons have a possibility to control frictional interface during 
sliding. 




aggregates each other in water because of van der Waals' force [71]. It has been recognizes that 
dispersibility is one of the critical problems of nanocarbons to prevent development. Use of 
surfactant is known as common approach to disperse nanocarbons in water. Peng et al. have 
investigated effects of addition of surfactant-functionalized CNT on tribological property of 
steel in water [83]. Their results showed surfactant itself also have influence on tribological 
properties. In order to investigate effects of addition of nanocarbons on tribological properties 
in water, it is necessary to select nanocarbons which is highly dispersible in water. In present 
thesis, therefore, two types of nanocarbons, carbon nanohorn and detonation nanodiamond, 





























Table 1-1 Properties of carbon nanotube [71]. 
 
  




 Objective and structure of this thesis 
  Advance of tribology enables to enormous cost savings and contributes to energy savings and 
resource savings. Water lubrication with Si-based ceramics is a typical eco-friendly and 
environmentally-friendly friction system. Running-in and tribochemical reactions between 
ceramics and water enable to utilize water as lubricant. However, water has an essential 
problem of low load carrying capacity. That is to say, low friction of water lubrication is 
achieved under limited conditions. In order to improve load carrying capacity of water 
lubrication, active control and continuous creation of low frictional interface are required. 
Addition of nanocarbons in water is a promising approach to control actively frictional 
interface. 
  Therefore, objective of the present thesis is to create low frictional interface with 
nanocarbons to improve load carrying capacity of water lubrication.   
  The structure of the thesis is shown in Fig. 1-22. Contents of the chapters are described as 
follows:  
  In chapter 1, objectives of this thesis were proposed. 
  In chapter 2, running-in of SiC/SiC in water is investigated with ball-on-disk friction tester. 
Necessary conditions for improvement of load carrying capacity of SiC/SiC in water is clarified. 
Basic strategy to create low frictional interface under severe contact condition is proposed. The 
strategy aims to induce tribochemically dominated wear of SiC. 
In chapter 3, in order to suppress mechanical wear of SiC, CNH is introduced as additive. 
As a result, low friction and low wear are achieved under boundary lubrication although CNH 
cannot induce chemical wear of SiC. On the other hand, it is found that self-formed lubricious 
carbon films from CNH is controllable by surface texturing. 
  In chapter 4, effect of surface texturing on tribological systems with CNH is investigated. 
Water lubrication properties are further improved by controlled formation of solid lubricant 
films. 
  In chapter 5, in order to enhance chemical wear of SiC, nanodiamond is introduced. It is 
shown that slight addition of nanodiamond enhances tribochemical wear so that self-formation 
of low frictional nanointerface is realized under severe contact condition. As a results, load 
carrying capacity of SiC/SiC in water is improved about tenfold by addition of nanodiamond. 




Utilization and modification of nanodiamond for continuous self-formation of low frictional 
interface is discussed. 
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 Introduction 
This thesis aims to create low frictional interface in water with nanocarbons for improving 
load carrying capacity of water lubrication. However, there are no specific guidelines for 
utilizing nanocarbons as additive. In this chapter, therefore, necessary conditions for 
improvement of load carrying capacity is investigated through experiments and analyses of 
tribological characteristics of SiC/SiC in water. Specifically, necessary conditions for achieving 
low friction are clarified by investigation of process of self-formation of low frictional interface 
during running-in. Moreover, basic strategy to create frictional interface for improvement of 
load carrying capacity is proposed. 
 
 Experimental procedure 
2.2.1 Specimens 
  Silicon carbide (SiC) ball with 8 mm in diameter and SiC disk with 30 mm in diameter and 
thickness of 4 mm were used as specimen. Overview of the ball and disk is shown in Fig. 2-1. 
Table 2-1 shows physical properties of SiC. A surface profile curve of disk is shown in Fig. 2-2. 
The profile curve was measured with surface roughness meter (SURFCOM 1500DX, 
ACCRETECH). Arithmetic mean roughness is 4.7 nmRa. Before the friction tests, all 
specimens were cleaned with acetone (Acetone, KANTO CHEMICAL CO., INC.) in an 
ultrasonic bath for 10 minutes. 
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Fig. 2-1 Overview of image of ball (left) and disk (right) specimens. 
 
Table 2-1 Physical properties of SiC. 
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2.2.2 Test apparatus 
  Ball-on-disk tribometer was employed to evaluate friction and wear properties of SiC/SiC in 
water. Schematic image of the test apparatus is drawn in Fig. 2-3. Sliding friction is given by 
contacting fixed ball specimen with rotating disk specimen. Rotational speed of disk can be 
controlled in a rotation/minute unit. Ball specimen is fixed to an arm passing through a pivot 
bearing. Vertical load is applied by adding the weight on the end of the arm. Friction force is 
measured by a load cell which is located at the position opposite to the contact point of ball and 
disk to across the pivot bearing. After setting of specimens, 400 L of purified water (Purified 
water, Daiwa Yakuhin Corporation) was dropped on the SiC disk (Fig. 2-4) and then the friction 
tests were started. All friction tests were conducted at room temperature.  
 
2.2.3 Evaluation of wear of ball 
  Specific wear rate of ball Ws [mm3/Nm] was introduced to evaluate wear properties. Specific 





  (2.1) 
where V [mm3], W [N] and L [m] are the wear volume of ball, normal load and sliding distance, 
respectively. Wear volume of ball was calculated assuming that the worn region is an ideal 






























2  (2.3) 
where R [mm], h [mm] and d [mm] are the radius of ball, the height of the cap and the diameter 
of the wear scar, respectively. Maximum length of the wear scar which is perpendicular 
oriented to the sliding direction was measured by confocal microscopic images, and then it was 
used as the diameter of the wear scar.  
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 Running-in of SiC/SiC in water 
  Typical friction property of SiC/SiC in water is shown in Fig. 2-6. Data in Fig. 2-6 is smoothed 
with the moving average method. After sliding of 100, 500, 1000, 1500 and 2000 m, friction 
test was temporarily stopped and wear scar of ball was observed. Gradual decrease of friction, 
running-in, is confirmed. Optical images of the wear scar of ball at each sliding distance are 
summarized in Fig. 2-7. The wear progress curve of SiC ball is shown in Fig. 2-8. Specific wear 
rate at each sliding distance is shown in Fig. 2-9. Specific wear rate decreases with sliding and 
reaches the order of 10-8 mm3/Nm. Apparent contact area of ball increases with wear, resulting 
decrease of contact pressure. The change of contact pressure in running-in is shown in Fig. 
2-10.  
Xu et al. have reported that wear modes transit from mechanically dominated wear to 
tribochemically dominated wear during running-in when self-mated Si3N4 is rubbed in water 
[1]. They indicated that the transition of wear mode is mainly because of reduction of contact 
pressure and smoothing of the friction surfaces. It is assumed that wear modes transit during 
running-in of self-mated SiC as well as self-mated Si3N4. Low friction is achieved when low 
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2.3.1 Analysis of surface roughness 
  Surface roughness of the wear scar of ball after sliding was measured by scanning probe 
microscope (E-sweep, Hitachi High-Technologies Corporation). Scanned area was set to 50 m 
square. Surface arithmetic average height Sa, which is defined by ISO 25178, was used for 
evaluation of roughness. Fig. 2-11 shows surface arithmetic average height of the wear scar of 
ball at various sliding distance. In this scale, a size of 50 m square, roughness is around 10 
nm regardless in sliding distance. Umehara et al. have reported the variation of surface 
roughness of worn surfaces in running-in of Si3N4/Si3N4 in water [2]. Surface roughness of Si3N4 
does not change so much with sliding distance. Thus, surface roughness of worn surface of SiC 
and Si3N4 reaches stable value with sliding, and its change is not related to friction reduction. 
 
2.3.2 Analysis of surface wettability 
  In order to investigate chemical changes of worn surface, contact angle of water on the wear 
scar of SiC ball was measured. Microscopic contact angle meter (MCA-3, Kyowa Interface 
Science) was used. Purified water was used as test liquid. Water droplet is generated through 
a grass capillary. Volume of droplet was controlled within the range of 100 to 200 m3. 
Specimens after the friction tests were ultrasonic cleaned in purified water for 3 minutes to 
avoid contamination owing to wear particles. Long exposure of specimens after friction in air 
strongly interferes with measurements. Therefore, specimens were stored in purified water 
after ultrasonic cleaning. Specimens were picked up from water and then dried with a blower 
immediately before measurements. Measurements were finished at least within 30 minutes 
after pickup from water. Fig. 2-12 shows the change of contact angle of water on the wear scar 
of ball with sliding. Contact angle decreases with sliding and flattened out after 1500 m. This 
result indicates that hydrophilic friction interface is self-formed during running-in. In contrast 
to surface roughness, surface wettability clearly changes during running-in. Therefore, 
chemical change of friction interface is more dominant than geometric change during running-
in. When friction property of SiC/SiC is improved with increasing running-in load, surface 
wettability of friction interface increase [3]. It is believed that newly created interface with high 
hydrophilicity is the key for low friction.  
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2.3.3 Characterization of top surface of the wear scar 
  In order to clarify the structure of newly created interface by friction, transmission electron 
microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) analyses were performed. The 
samples for TEM observation were prepared with focused ion beam (FIB) equipped in field 
emission scanning electron microscope (VERSA 3D, FEI). Prepared samples were observed 
with TEM (Tecnai F20, FEI). XPS (Quantera SXM, ULVAC-PHI) was used. The analyzed spot 
diameter was approximately 300 m, and the analyzed depth was approximately 10 nm. 
Two typical wear scars of SiC ball, in cases of high friction and low friction, were selected. 
One is a wear scar of SiC ball after 100-m sliding, in case of high friction, the other is a wear 
scar of SiC ball after 3000-m sliding, in case of low friction. Cross-sectional TEM image of top 
surface of the wear scar in the case of high friction is shown in Fig. 2-13. A thin amorphous 
layer (about 1 to 2 nm) is observed at the top surface. Hereafter such a nanometric modified 
layer is called “nanointerface”. Nanointerface is formed on a damaged layer of SiC. This 
damaged layer seems to be mechanically induced by contact. Cross-sectional TEM image of top 
surface in the case of low friction is shown in Fig. 2-14. Formation of nanointerface is confirmed. 
Thus, in both cases, nanointerface is created on the top surface of the wear scar. Fig. 2-15 
shows the XPS spectra of the wear scars of SiC ball. Results of semi-quantitative analysis are 
summarized in Table 2-2. From XPS analysis, it is strongly suggested that nanolayers are 
consist of carbon, oxygen and silicon. On the other hand, there is no significant difference in 
chemical compositions between two wear scars. 
  As detailed in chapter 1, it is well known that tribochemical reactions occur in Si-containing 
ceramics (SiC or Si3N4) with water during friction. Therefore, it is reasonable guess that 
nanolayer is created with tribochemical reactions. The following reactions [4,5] have been 
proposed: 
 Si3N4 + 6H2O → 3SiO2 + 4NH3  (2.4) 
 SiC + 2H2O → SiO2 + CH4 (2.5) 
  Theses reactions produce amorphous silica. Actually, Yamamoto et al. have confirmed 
formation of a thin amorphous silica layer on the surface of the wear scar of Si3N4 [6]. Similarly, 
thin amorphous layers have observed on the surface of SiC after friction or polishing [7–9]. 
However, their layers on SiC compose carbon as well as silicon and oxide [8,9]. Therefore, it is 
believed that nanolayer is crated with another tribochemical reaction which is different from 
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reaction Eq. (2.5) and produces carbon. 
 
2.3.4 Analysis of tribochemical products 
  Tribochemical products are discharged from frictional interface as a result of wear. 
Accordingly, analysis of wear particles was performed. In order to collect wear particles, two 
approaches were adopted. One approach is deposition of wear particles by evaporation of 
lubricant after friction. The other approach is trapping wear particles directly during friction 
by surface texturing.  
  Fig. 2-16 shows scanning electron microscopic (SEM) image of deposited wear particles 
which were collected during 0–100 m sliding on a copper tape. SEM images were obtained with 
field emission scanning electron microscope (FE-SEM) (SU8020, Hitachi High-Technologies 
Corporation). Circular shape of deposition is observed (Fig. 2-16 (a)). Film-like deposited wear 
particles are observed at the edge (Fig. 2-16 (b)). At center part, micron-order spherical 
particles are observed (Fig. 2-16 (c)). It was confirmed that these spherical particles have hole 
(Fig. 2-16 (d)) and inside of particles is hollow. Therefore, theses spherical shape are formed by 
decompression for SEM observation. In fact, aggregated fine particles are observed at the 
surface of these micron-order particles. Typical aggregated fine wear particles on copper tape 
are shown in Fig. 2-16 (e). Sizes of fine particles are several tens of nanometers. Chemical 
composition of wear particles were analyzed with energy dispersive X-ray spectroscope (EDX) 
(EMAXEvolution, HORIBA) which is attached to FE-SEM. Fig. 2-17 shows the chemical 
compositions of film-like deposited wear particles at each sliding distance. Chemical 
compositions excluding copper component are shown. Wear particles are composed of silicon, 
oxygen and carbon, and the composition ratio is approximately C:O:Si = 1:2:1 regardless in 
sliding distance. From these results, it is suggested that tribochemical reaction continuously 
occurs from early stage of sliding. 
  Fig. 2-18 shows typical SEM images of wear particles trapped into textured regions of ball. 
Chemical compositions of trapped particles are summarized in Table 2-3. In both cases of high 
and low friction, wear particles composed of silicon, oxygen and carbon are observed. Raman 
spectra of trapped wear particles in textured region and outside of textured region are shown 
in Fig. 2-19. Raman micro-spectrometer (NRS-5100, JASCO) was used. The spectrum of 
plateau region shows two bands with peaks at approximately 795 and 970 cm-1. These two 
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bands (795 and 970 cm-1) are attributed to transverse optical phonon mode and longitudinal 
optical phonon mode of 3C-SiC [10]. On the other hand, the spectrum of trapped wear particles 
shows two different bands with peaks at approximately 1345 and 1590 cm-1, corresponding to 
D peak and G peak, respectively. These two are typical peaks of disordered graphite [11]. Thus, 
it was clarified that existence of graphitic carbon in wear particles. Therefore, it was 
demonstrated that carbon is generated by tribochemical reaction.  
 
2.3.5 Tribochemical reaction during running-in 
  Chen et al. have proposed tribochemical reaction of Eq. (2.5) [5]. This reaction occurs in 
hydrothermal oxidation of SiC [12]. On the other hand, Kitaoka et al. have demonstrated 
occurrence of other tribochemical reactions in high-temperature and high-pressure water 
based on detection of produced gases [13]. In addition to Eq. (2.5), they have proposed following 
reactions: 
 SiC + 4H2O → SiO2 + CO2 + 4H2  (2.6) 
 SiC + 2H2O → SiO2 + 1/2 C2H6 + 1/2 H4 (2.7) 
 SiC + 2H2O → SiO2 + C + 2 H2 (2.8) 
  They have shown that dominant tribochemical reactions were Eqs. (2.6) and (2.8) at 300 and 
120 °C, respectively. Solid carbon is generated in reaction of Eq. (2.8). Liu et al. have discussed 
tribochemical reaction of polishing of SiC, and they have proposed Eq. (2.8) based on 
generation of carbon debris [14]. It has been confirmed that reaction of Eq. (2.8) occurs in static 
hydrothermal oxidation of SiC and carbon is generated from SiC [15–18]. Raman spectra [17] of 
carbon formed by hydrothermal treatment of SiC are very similar to those of tribochemical 
products shown in Fig. 2-19. Consequently, our results have clearly demonstrated occurrence 
of tribochemical reaction of Eq. (2.8) at room temperature. Nanointerface will be created by 
this tribochemical reaction. Although wear depth of ball increases micrometer level during 
running-in as shown in Fig. 2-20, nanointerface is observed regardless in sliding distance (Fig. 
2-13 and Fig. 2-14). Therefore, it is believed that nanointerface is continuously created by 
tribochemical wear.  
  In summary, it was clarified that running-in of SiC in water is the process where self-
formation of hydrophilic nanointerface becomes possible by transition of wear mode from 
mechanically dominated wear to tribochemically dominated wear. Thus, basic strategy to 
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decrease friction in boundary lubricated contacts of self-mated SiC in water is to induce 
tribochemically dominated wear under severe contact condition where mechanical wear is 
dominant. It was also clarified that graphitic carbon is generated by tribochemical reaction. 
This generated carbon is referred as carbide-derived carbon (CDC), and lubricity of CDC has 
been reported [19,20]. There is a possibility that SiC-derived carbon acts as solid lubricant 
inhibits mechanical wear of SiC. In chapter 3, therefore, graphitic nanoparticle is added in 
water to prevent mechanical wear of SiC.   
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Fig. 2-6 Typical friction property of SiC/SiC in water. 
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Fig. 2-7 Optical images of the wear scar of SiC ball after friction in water. The arrows 
indicate the sliding directions of counter material. 
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Fig. 2-8 The wear progress of ball. 
 
 
Fig. 2-9 The change of specific wear rate of ball. 
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Fig. 2-10 The change of contact pressure. 
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Fig. 2-11 Arithmetic mean roughness of the wear scar of ball with sliding. 
 
Fig. 2-12 The change of contact angle of water. 
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(a) TEM image 
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Fig. 2-15 XPS spectra of the wear scars of SiC ball. 
 
 
Table 2-2 Result of semi-quantitative analysis of elemental compositions from XPS. 
 
  
1200 1000 800 600 400 200 0
 After 100 m (high )

















Strategy for Improvement of Tribological Properties 






Fig. 2-16 SEM image of deposited wear particles on copper tape.  
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Fig. 2-17 The change of chemical composition of wear particles. 
  






























Sliding distance L, m
Chapter 2 
Strategy for Improvement of Tribological Properties 






Fig. 2-18 Tribochemical products trapped into textured region of ball. The arrows indicate 
the sliding directions of counter material. 
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Fig. 2-19 Raman spectra of the wear scar of SiC ball. 
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Fig. 2-20 The progress of wear depth of ball. 
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 Conclusions 
(1) Specific wear rate of SiC ball decreases with sliding distance and reaches the order of 
10-8 mm3/Nm. Wear mode transits from mechanically dominated wear to tribochemically 
dominated wear. 
(2) Surface arithmetic mean height of the wear scar of SiC ball is about 10 nm regardless 
in sliding distance. 
(3) Contact angle of water on the wear scar of SiC ball decreases with sliding distance and 
tends to the value around 30 degrees. 
(4) Nanointerface is continuously created during running-in. Nanointerface composes 
silicon, oxygen and carbon. 
(5) Tribochemical reaction which generates carbon and silica occurs. The reaction is 
expressed as follows: 
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 Introduction 
Carbon nanohorn (CNH) which is dispersible in water is an attractive additive for water lubrication. 
The effects of addition of CNH in oil or grease on tribological properties have been investigated by a 
few researchers [1–3]. Tanaka et al. have investigated friction and wear of carbon nanohorn-containing 
polyimide composites [4]. Maharaj et al. have investigated effect of carbon nanohorn on friction and 
wear in nanoscale and in macroscale [5]. These researches have shown the possibility of CNH for 
application in tribological field.  
In chapter 2, induction of tribochemically dominated wear under sever contact conditions was 
proposed as design strategy of friction interface for improving load carrying capacity. It was suggested 
that graphitic carbon which is generated by tribochemical reaction may inhibit mechanical wear of 
SiC. Thus, addition of CNH, graphitic nanocarbon, has a possibility to control wear of SiC. 
In this chapter, CNH is added in water to prevent mechanical wear of SiC. Tribological 
characteristics of SiC/SiC in water with CNH are investigated. Friction reduction under boundary 
lubrication regime by adding CNH is clarified and discussed based on carbon films which are self-
formed during friction. Finally, it is shown that prevention of mechanical wear of SiC owing to 
addition of CNH is not sufficient approach to induce chemical change of SiC.  
 
 Preparation of CNH dispersed water 
  Carbon nanohorns (S-CNH, Nanotech Bank, referred to as CNHs in this thesis) which are highly 
dispersed in water were used. CNH is a kind of carbon nanotube and has the corn structure. CNHs 
exist as spherical-shaped aggregates of CNH and one aggregated particle is about 100 nm in diameter. 
CNHs were added in purified water and then dispersed in the ultrasonic bath for 20 minutes. 
Dispersed solutions (hereafter called CNH-water) containing 0.01–1.00 mass% of CNHs were 
prepared. As prepared dispersions are shown in Fig. 3-1. Before each friction test, CNH-water was 
dispersed again in the ultrasonic bath for 5 minutes.  
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 Friction and wear properties of SiC/SiC in CNH-water 
Typical friction properties of SiC/SiC in water and in CNH-water (1.00 mass%) are shown in Fig. 
3-2. Average value of friction coefficient (average friction coefficient) during 90–100 m of sliding 
distance in CNH-water (1.00 mass%) is 0.04 which is about a quarter value of that in water. Optical 
images of worn surfaces after friction tests are shown in Fig. 3-3. Gray or brown parts are observed 
on worn surfaces of ball and disk after friction in CNH-water (Fig. 3-3 (a) and (b)). These parts do not 
exist on worn surfaces after friction in water (Fig. 3-3 (c) and (d)). Friction properties in CNH-water 
at different concentration (0.01, 0.10, 0.20 and 0.50 mass%) are shown in Fig. 3-4, and worn surfaces 
after these tests are shown in Fig. 3-5. Friction coefficient becomes high and unstable with decreasing 
concentration of CNH. 
Effect of concentration of CNH in water on average friction coefficient is shown in Fig. 3-6. Average 
friction coefficient decreases with increasing concentration of CNH from 0.01 mass% to 1.00 mass% 
and tends to the value around 0.05. Effect of concentration of CNH on specific wear rate of SiC ball 
is shown in Fig. 3-7. Specific wear rate of ball decreases from 10-6 mm3/Nm order to 10-7 mm3/Nm. 
Thus, it was shown that addition of CNHs in water can improve both of friction and wear properties. 
Friction and wear properties are improved slightly in 0.10 mass% of CNH-water, indicating 
concentration of 0.10–0.20 mass% is the transition region for friction reduction. 
Fig. 3-8 shows average friction coefficient in CNH-water as function of bearing characteristic 
number. Average friction coefficient under various driving conditions, specifically 10–100 mm/s and 
1–40 N, are plotted. In 1.00 mass% of CNH-water, friction reduction under boundary lubrication 
regime is clearly shown. In 0.10 mass% of CNH-water, the transition concentration, the variation of 
average friction coefficient is large. Hence, it was concluded that friction coefficient of SiC/SiC in 
water under boundary lubrication regime can be decreased by approximately 75% owing to addition 
of 1.00 mass% CNH. 
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Fig. 3-2 Friction properties of SiC/SiC in water and in CNH-water (1.00 mass%). 
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Fig. 3-3 Optical images of worn surfaces. Worn surfaces of ball (a) and disk (b) CNH-water (1.00 
mass%) and ball (c) and disk (d) in water. The arrows indicate the sliding directions of 
counter material. 
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Fig. 3-4 Friction properties of SiC/SiC in various concentration of CNH-water.   
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Fig. 3-5 Worn surfaces of ball and disk after sliding in various concentration of CNH-water. The 
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Fig. 3-6 Effect of concentration of CNH in water on average friction coefficient of SiC/SiC. 
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 Formation of lubricious carbon films 
  SEM images of wear track of SiC disk after friction in water and in CNH-water (1.00 mass%) are 
shown in Fig. 3-9. Films exist partially on wear track after friction in CNH-water (Fig. 3-9 (b)). As 
shown in Fig. 3-9 (c), convex regions are confirmed at the edge of films. EDX spectra of worn surface 
is shown in Fig. 3-10. Worn surface with film (point A) and without film (point B) were analyzed. 
Elemental composition of these two points is shown in Table 3-1. Carbon is mainly detected at point 
A, and atomic concentration of carbon was 96.5%. These results suggest that CNHs form carbon films 
in friction process. It is believed that friction and wear properties are improved due to these carbon 
films. Fig. 3-11 shows Raman spectra of formed carbon films on worn surfaces. The peak of G-band 
of as-deposited CNH is 1583 cm-1. Meanwhile, that peaks of carbon films formed by friction are 1596 
cm-1. This peak shift is considered as formation of nanocrystalline graphite [6]. Thus, Raman analysis 
shows friction-induced change of structure of CNH.  
  It is suspected that gravity is one of driving force of CNHs toward disk. Another type of ball-on-
disk friction tester (Fig. 3-12) was introduced. An upper and lower relation of specimens of this 
apparatus is reverse to that of the friction tester shown in Fig. 2-3. Specimens are dipped in lubricant 
in the container. Approximately 600 mL of lubricant is required for the friction tests. Friction property 
of SiC/SiC in CNH-water (1.00 mass%) in dip-type friction tester is shown in Fig. 3-13. Average 
friction coefficients are 0.04 in both cases. SEM images of wear track are shown in Fig. 3-14. Wear 
track is partially covered with carbon films in dip-type test as well as in drop-type test. Thus, 
relationship of upper and lower has no effects on friction property and on formation of carbon films, 
suggesting that gravity is not dominant factor of formation of carbon films. Similarly to Fig. 3-9 (c), 
convex regions are confirmed at edge of films in dip-type test. Additionally, it was suggested that the 
position of these convex regions in carbon films corresponds to the position of micron-order pores 
(concave regions) which exist initially on SiC disk.  
  To clarify the effect of concave regions of substrate on formation of carbon films, SiC disk having 
concave regions formed by laser-surface texturing was introduced. Laser-surface texturing was 
performed with picosecond laser (Surfbeat R, Canon Machinery Inc.). Specifications of picosecond 
laser are summarized in Table 3-2. Fabrication by ultrashort pulse laser enables to suppress heat 
affected zone of materials [7]. After fabrication, for removal of debris, surface was grounded with 
waterproof abrasive paper or rubber brush with water, and then cleaned with acetone in the 
ultrasonic bath at least 10 minutes. SEM image of a formed concave region is shown in Fig. 3-15. As 
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shown in Fig. 3-15 (c), laser-induced periodic surface structures [8–10] are clearly observed on the 
bottom of concave regions. Diameter and depth of concave are approximately 15 m and 5 m, 
respectively. Concave regions were arranged concentrically on SiC disk as shown in Fig. 3-16. 
Intervals in radial direction and in circular direction were set to 100 m. The friction test was 
conducted with textured disk (100 m pitch) in 1.00 mass% CNH-water. Additionally, the test was 
stopped temporarily after 10, 50, 100 and 300 cycles of sliding and worn surface was observed. 
Friction property with textured disk (100 m pitch) is shown in Fig. 3-17. Friction coefficient 
gradually decreases to the value of 0.04. SEM observations of worn surface are shown in Fig. 3-19. 
Fixed-point observation of a concave region on wear track was performed. After 50 cycles (Fig. 3-18 
(a)), about half of the concave region is covered by CNHs. It can be seen that CNHs are accumulated 
from the rear edge of the concave region against the sliding direction. After 100 cycles (Fig. 3-18 (b)), 
the concave region is completely embedded by CNHs and film protruded from that region is observed. 
After 300 cycles (Fig. 3-18 (c)), elongation of the film is confirmed. Besides, convex shape of embedded 
region is observed. After 1000 cycles (Fig. 3-18 (d)), further elongation of the film and crack between 
the film and the embedded region are confirmed. From these observations, it was clarified that 
concave regions on SiC disk are embedded by CNHs and that carbon films are elongated in the 
opposite direction from the sliding direction of ball. Fixed-point observation of another concave region 
on same wear track is shown in Fig. 3-19. After 50 cycles (Fig. 3-19 (a)), this concave region is 
completely embedded already. Comparing Fig. 3-18 (a) and Fig. 3-19 (a), there is variability of 
embedding among concave regions. Although films which are originated at embedded region are 
observed in Fig. 3-19 (b–d), coverage of carbon films at 1000 cycles (Fig. 3-19 (d)) decreases compared 
with at 300 cycles (Fig. 3-19 (c)). Decrease in coverage of carbon films indicates that destruction of 
formed carbon films occurs as well as formation of carbon films during friction. Whole view of wear 
track is shown in Fig. 3-20. All concave regions are embedded and protruded by CNHs and that 
regions act as origin of formation of carbon films as Fig. 3-20 (b). Protruded shape is same as the 
shape shown in Fig. 3-9 (c). Hence, it is assumed that micron-order pore of SiC act same as formed 
concave region. Thus, it was clarified that concave regions of substrate could be the core point of 
formation of carbon films.  
  Fig. 3-21 shows friction property of SiC/SiC in water after friction in CNH-water. After the friction 
in CNH-water, specimens were ultrasonic cleaned in water for 3 minutes, and then friction test in 
water was conducted. When CNH-water is replaced with water, friction coefficient immediately 
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increases. After friction test in water, carbon films were not observed on worn surfaces, indicating 
that formed carbon films were destructed by friction in water. Specific wear rate of ball before and 
after replacement of lubricant is shown in Fig. 3-22. Specific wear rate after replacement of lubricant 
is 10-6 mm3/Nm order. These results show that addition of CNH inhibits mechanical wear of SiC by 
formation of carbon films, while it does not induce chemical change of SiC.  
Thus, approach to suppress mechanical wear of SiC by added nanocarbon is insufficient to create 
ideal frictional interface which is hydrophilic nanointerface of SiC. In chapter 5, therefore, different 
type of nanocarbon is used based on approach to enhance chemical wear of SiC. On the other hand, 
it was found that surface with embedded solid lubricant is self-formed by combination of CNH and 
surface texturing as shown in Fig. 3-20 (a). This surface structure has been employed to some 
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Fig. 3-9 SEM images of wear track of SiC disk after friction in water (a) and in CNH-water (1.00 
mass%) (b, c). The arrows indicate the sliding directions of counter material. 
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Fig. 3-10 EDX spectra of worn surface after friction in CNH-water. Spectra of film (point A) and 
substrate (point B) were obtained. The arrow indicates the sliding direction of counter 
material. 
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Fig. 3-11 Raman spectra of formed carbon films. 
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Fig. 3-12 Schematic diagram of ball-on-disk friction tester in which specimens are dipped in 
lubricant. An upper and lower relation of specimens is reverse to that of the friction tester 
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Fig. 3-13 Friction properties of SiC/SiC in CNH-water in two types of test apparatus. 
 
 
Fig. 3-14 SEM images of wear track of SiC disk after friction in CNH-water in two types of test 
apparatus. The arrows indicate the sliding directions of counter material. 
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Fig. 3-15 SEM images of a typical concave region formed on SiC disk by picosecond laser. Laser-
induced periodic surface structures are formed on the bottom of concave regions.  
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Fig. 3-16 Optical image of whole view of textured SiC disk (100 m pitch). 
 
Fig. 3-17 Friction property with textured disk (100 m) pitch in CNH-water (1.00 mass%). After 10, 
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Fig. 3-18 SEM images of fixed point view of one concave region on wear track of textured disk. The 
arrows indicate the sliding directions of counter material. 
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Fig. 3-19 Fixed point view of another concave region on same wear track of Fig. 3-18. The arrows 
indicate the sliding directions of counter material. 
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Fig. 3-20 Whole view of wear track of textured disk. Black arrows indicate the sliding directions of 
counter material. White and red arrows indicate textured regions and the direction of 




(a) Whole view of wear track 
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Fig. 3-21 Effect of replacement of lubricant on friction property. 
 
Fig. 3-22 Effect of replacement of lubricant on specific wear rate. 
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 Conclusions 
(1) Low friction coefficient (around 0.05) and low specific wear rate (i.e. in the order of 10-7 
mm3/Nm) are obtained in 1.00 mass% of CNH-water.  
(2) Friction coefficient becomes low and stable with increasing concentration of CNH from 0.10 to 
1.00 mass%. 
(3) Carbon films are self-formed on worn regions during friction in CNH-water, which act as a 
solid lubricant films. Friction induces destruction as well as formation of carbon films, 
indicating instability of formed carbon films.  
(4) Addition of CNH suppresses mechanical wear of SiC by formation of carbon films, while it 
does not induce chemical change of SiC. 
(5) Concave regions of substrate could be the core point of formation of carbon films. Formation of 
carbon films is able to be controlled by introducing concave regions on substrate by picosecond 
laser surface texturing. 
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 Introduction 
  In chapter 3, it was clarified that addition of carbon nanohorn in water can self-form 
lubricious carbon films. Furthermore, it was suggested that introduction of surface texturing 
realizes controlled formation of carbon films. In other words, surface with embedded solid 
lubricants in micrometer scale is self-formed by combination of CNH and surface texturing. 
This structure in millimeter to meter scale has been employed to bearings in industry as shown 
in Fig. 4-1 [1], and it is well known that those products realize the lubrication in severe 
situations such as low-speed or high-load driving condition without supply of oil or grease [2]. 
In micrometer scale, there have been studies applying this structure to cutting tools [2–8]. In 
nanometer scale, nanocomposite solid lubricant coatings have been proposed [9–11]. Thus, 
controlling of formation of lubricious carbon films from CNH by surface texturing can be new 
technology to create low frictional interface although approach is different from design 
strategy proposed in chapter 2. In this chapter, therefore, effect of surface texturing on 
controlled formation of lubricious carbon films from CNH was investigated, and self-formation 
technology of surface with embedded solid lubricants was developed. Role of texturing is 
discussed in the view point of micrometer and nanometer scale. Based on observations, process 
and mechanism of formation of carbon films were proposed. Finally, it was demonstrated that 
design of surface texturing is effective for tribological system utilize CNH-water.  
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Fig. 4-1 Bearings with embedded solid lubricant [1]. 
  
(a) Bearings in millimeter scale 
(b) Bearings in meter scale 
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 Effect of surface texturing on friction properties in CNH-water 
  In previous chapter, it was revealed that surface texturing is an effective method to control 
formation of carbon films. Friction property in CNH-water (1.00 mass%) with textured disk 
(pitch 100 m, shown in Fig. 3-16) during 5000 cycles of sliding is shown in Fig. 4-2. Average 
friction coefficient during 4950–5000 cycles is 0.04. In order to investigate effect of textured-
area ratio on friction properties, textured disk with larger textured-area ratio was prepared as 
shown in Fig. 4-3. The size of concave region was same, but intervals of concaves in radial 
direction and in circular direction were change from 100 m to 30 m. Assuming that all 
concave regions are exact circles in diameter of 15 m, textured area ratios of textured disk 
(100 m pitch) and textured disk (30 m pitch) are calculated to be 1.8% and 19.6%, 
respectively. Friction property in CNH-water (1.00 mass%) with textured disk (30 m pitch) is 
shown in Fig. 4-4. Worn surface of textured disk (30 m pitch) is shown in Fig. 4-5. In spite of 
increase of textured-area ratio, it is observed that formed concave regions are embedded by 
CNHs and films are formed from embedded regions. Hence, an increase in textured area allows 
increase in area of controlled carbon films. Compared to friction property without texture, as 
shown Fig. 4-6, more stable friction property is achieved with textured disk (30 m) after 
running-in period. Standard deviation of friction coefficient, indicating instability of friction, 
was calculated. Specifically, friction coefficient during 90–100 m and 4950–5000 cycles were 
evaluated for SiC/SiC and SiC/Textured SiC, respectively. Effects of textured-area ratio on 
average and standard deviation of friction coefficient are shown in Fig. 4-7. Standard deviation 
of friction coefficient decreases more than 50% with increasing textured-area ratio of disk. In 
contrast, average friction coefficient is in a range of 0.04–0.06. Thus, control of formation of 
carbon films with texturing contributes to stabilization of friction property. 
  As shown in Fig. 3-3, carbon films can be formed on ball as well as disk. Accordingly, effects 
of texturing on ball on friction properties were investigated. Flow of texturing on ball is 
summarized in Fig. 4-8. In order to perform surface texturing on ball surface, pre-sliding in 
water was introduced. In pre-sliding, sliding velocity, load and sliding distance were set to 100 
mm/s, 5 N and 100 m, respectively. Concave regions were formed lattice-likely on worn surface 
with 30 m pitch. Region of texture was adjusted to be inside wear scar. Configuration of 
texture is same as texture formed on disk shown in previous section. Friction tests with 
textured ball in CNH-water were conducted against wear track as same as pre-sliding. 
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  Friction property of SiC/SiC with textured ball in CNH-water (1.00 mass%) is shown in Fig. 
4-9. Specifically, average and standard deviation of friction coefficient during 90–100 m with 
textured ball are 0.05 and 0.004, respectively. That values with textured disk are 0.05 and 
0.007. Thus, textured ball gives low and stable friction property as textured disk. On the other 
hand, running-in period is different depending on texturing object. In order to evaluate 
running-in period quantitatively, running-in distance Lrun [m] was introduced. The Lrun is 
defined as the sliding distance where standard deviation of friction coefficient over 5 m reaches 
below 0.010. As shown in Fig. 4-10, running-in distance with textured ball and with textured 
disk is 3 m and 36 m, respectively. It was shown that even in the same configuration, texturing 
on ball can give low and stable friction rapidly compared to texturing on disk. SEM image of 
worn surface of textured ball after friction is shown in Fig. 4-11. Whole concave regions are 
embedded by CNHs. Optical image of worn surface of textured ball is shown in Fig. 4-12 (a). 
As shown in Fig. 4-12 (c), embedded regions are protruded with height of sub-micron order, 
and the front side of embedded regions against the sliding direction is higher. This shape is 
same as the shape in the case of disk texture. Therefore, it is indicated that formation process 
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Fig. 4-2 Friction property in CNH-water (1.00 mass%) with textured disk (pitch 100 m) 
during 5000 cycles of sliding. 
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Fig. 4-3 Optical image of whole view of textured SiC disk (30 m pitch) 
 
 
Fig. 4-4 Friction property in CNH-water (1.00 mass%) with textured disk (30 m pitch). 
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Fig. 4-5 SEM images of wear track of textured disk (30 m pitch). The arrows indicate the 




(a) Whole view of wear track 
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Fig. 4-6 Friction properties of SiC/SiC with and without texture in CNH-water (1.00 mass%). 
 
 
Fig. 4-7 Effects of textured-area ratio of SiC disk on average and standard deviation of 
friction coefficient in CNH-water (1.00 mass%). 
  
























Sliding distance L, m
Ball: SiC
Disk: SiC, Textured SiC (30 m pitch)
Sliding velocity: 100 mm/s
Load: 5 N
Lubricant: CNH-water (1.00 mass%)





































Disk: SiC, Textured SiC
Sliding velocity: 100 mm/s
Load: 5 N






























Improvement of Water Lubrication Properties with 





Fig. 4-8 Experimental flow of texturing on ball. 
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Fig. 4-9 Friction properties of SiC/SiC with textured ball and with textured disk in CNH-
water (1.00 mass%).  
 
Fig. 4-10 Evaluation of running-in distance. Running-in distance of Fig. 4-9 is evaluated. 
  
























Sliding distance L, m
Ball: SiC
Disk: SiC
Sliding velocity: 100 mm/s
Load: 5 N
Lubricant: CNH-water (1.00 mass%)
Combination




















































Lrun of  
Textured ball/Disk 




Improvement of Water Lubrication Properties with 





Fig. 4-11 SEM images of the wear scar of textured ball (30 m pitch) after friction in CNH-
water (1.00 mass%). The arrows indicate the sliding directions of counter material. 
  
100 m 
(a) Whole view of the wear scar 
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Fig. 4-12 Optical images of worn surface of textured ball (a, b) and cross sectional surface 
profile (c) obtained with confocal microscope. The arrows indicate the sliding 










(c) Cross sectional profile 
(b) Magnified view 
(a) Worn surface of textured ball after friction in CNH-water (1.00 mass%). 
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 Analysis of protruded height of carbon films 
  From the point of view of analysis of formed carbon films, using textured ball has an 
advantage because analysis area is limited. Thus, formation of carbon films was analyzed with 
textured ball. In order to clarify change of friction interface during sliding, the wear scar of 
textured ball was observed with confocal microscope at each sliding distance. Friction property 
of textured SiC/SiC in CNH-water (1.00 mass%) is shown in Fig. 4-13, the test was temporarily 
stopped after 1, 2, 3, 4, 5, 10, 20 and 50 m sliding. Whole view of the wear scar before and after 
friction test is shown in Fig. 4-14. All concaves formed by texture are covered by carbon. 
Magnified view of the wear scar is shown in Fig. 4-15. After 3 m sliding (Fig. 4-15 (c)), almost 
all concave regions are covered by carbon. This sliding distance corresponds to running-in 
distance of this condition. Therefore, it is indicated that running-in distance means required 
sliding distance to embed all concave regions. Fig. 4-16 shows the change of cross-sectional 
surface profiles of the wear scar of ball at each sliding distance. These profiles were obtained 
by confocal microscope. Carbon films formed on concave regions are protruded, and its height 
and shape does not changed even when sliding distance is increased. Thus, there is stable 
protruded height of carbon films. 
  To clarify effect of experimental conditions on stable protruded height of carbon films, 
friction tests with textured SiC/SiC in different concentration (0.10 and 1.00 mass%) of CNH-
water under different contact pressure were conducted. In order to change contact pressure, 
sliding distance of pre-sliding which is conducted before surface texturing was set to 50 and 
200 m. The longer pre-sliding is, the larger area of the wear scar is. Contact pressures under 
5 N were approximately 40 and 14 MPa after pre-sliding of 50 and 200 m, respectively. Results 
of friction tests are shown in Fig. 4-17. Friction property in CNH-water (0.10 mass%) under 
higher contact pressure is relatively high and unstable compared to the other results. After 
theses friction tests, protruded height of carbon films was analyzed. Example of analysis object 
region is shown in Fig. 4-18. Three lines of texture were analyzed. From cross-sectional surface 
profiles, maximum height at each protruded carbon films on textured concave regions was 
determined. Distributions of protruded height are shown in Fig. 4-19. It is common that among 
these distributions, protruded height in the area tends to be high in the order of 
head>center>tail. Thus, protruded height is influenced by position of texture. When friction 
property is relatively high and unstable, protruded height is mainly distributed in below 0.1 
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m (Fig. 4-19 (a)). It is unclear whether obtained shape of carbon films matches actual shape 
of that during friction because elastic deformation and elastic recovery of carbon films may 
occur. However, from these analysis, it is clear that protruded height of carbon films is an 
indicator that expresses stability of friction. 
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Fig. 4-13 Friction property of textured SiC/SiC in CNH-water (1.00 mass%). 
 
 
Fig. 4-14 Whole view of the wear scar. The arrows indicate the sliding directions of counter 
material. 
  






















Sliding distance L, m
Ball: Textured SiC
Disk: SiC
Sliding velocity: 100 mm/s
Load: 5 N
Lubricant: CNH-water (1.00 mass%)
Test stop 
250 m 250 m 
Fig. 4-15 (a) 
Fig. 4-15 (d) 
(a) Before sliding (b) After 100 m 
Chapter 4 
Improvement of Water Lubrication Properties with 
Silicon Carbide by Control of Self-formed Solid Lubricant Films 
104 
 
Fig. 4-15 Magnified view of the wear scar. The arrow indicates the sliding direction of counter 
material. 
50 m 
(a) Before sliding 
(b) After 1 m 
(c) After 3 m 
(d) After 100 m 
Fig. 4-16 (a) 
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Fig. 4-16 The change of cross sectional surface profiles. 
  





















(a) Optical image (after 100 m) 
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Fig. 4-17 Friction properties of textured SiC/SiC after different pre-sliding. 
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(a) After pre-sliding of 50 m 
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Fig. 4-18 Wear scar of textured ball after friction in CNH-water (0.10 mass%) (Fig. 4-17 (a)). 
Analysis object regions are defined as head area, center area and tail area. The 
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(a) 37 MPa, 0.10 mass% 
(b) 38 MPa, 1.00 mass% 
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Fig. 4-19 Distributions of protruded height of carbon films. Described pressure means contact 
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(c) 14 MPa, 0.10 mass% 
(d) 14 MPa, 1.00 mass% 
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 Effect of shape of surface texture on formation of carbon films 
  Effect of shape of texture was investigated to understand formation process of carbon films. 
Parallel grooves were formed on SiC disk with picosecond laser. Schematic illustration is 
drawn in Fig. 4-20. Width and depth of the groove are approximately 20 and 10 m, respectively. 
Pitch of each groove is 200 m. Friction test of SiC/Textured SiC (parallel grooves) in CNH-
water (1.00 mass%) under 5 N and 100 mm/s was conducted. Wear track of SiC disk with 
parallel grooves after the friction test is shown in Fig. 4-21. Formation of carbon films on 
grooves are different depending on positions. In front region, grooves are perfectly covered with 
carbon films (Fig. 4-22 (a)). On the other hand, in rear region, formation of carbon films are 
prohibited (Fig. 4-22 (b)). Position of texture has strong effects on formation of carbon films. 
Tendency is the same as case of textured ball discussed previous section. A front texture 
against the sliding direction preferentially works for film formation. It is clear that each 
texture region is not independent for film formation. 
As clarified in section 3.4, embedding process occurs from the edge of texture. If this 
embedding process is caused by adsorption of CNHs onto the edge, formation of carbon films 
will be same regardless in position of texture. Therefore, embedding process into texture is 
believed to be based on mechanical capture of CNHs from counter material. At the edge of 
concave region, captured flakes as well as captured particles of CNH are observed as shown in 
Fig. 4-23. These flakes are estimated to be delaminated carbon films. Captured particles are 
also observed at the edge of protruded carbon films as shown in Fig. 4-24. Thus, protruded 
carbon film itself acts as secondary texture for capturing CNHs, indicating that carbon film 
has a certain degree of protruded height at actual friction interface. 
It is suspected that effective regions for capturing are vertical and rear edges against sliding 
direction. Concave regions were formed on SiC disk as shown in Fig. 4-25. Four types of 
concave regions were arranged. Although their vertical length against the sliding direction is 
same, approximately 15 m, their parallel length against the sliding direction is different. 
Their depth is approximately 5 m. Friction test of SiC/Textured SiC (4 types of concave 
regions) in CNH-water (1.00 mass%) under 5 N and 100 mm/s was conducted. Wear track of 
SiC disk with 4 types of concave regions is shown in Fig. 4-26. The longer concave region is, 
the more difficult it is to embed whole concave region. Thus, to enhance formation of carbon 
films, parallel length of concave regions against the sliding direction should be shorten if 
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vertical length against the sliding distance is same. Additionally, delamination of carbon films 
on long concave regions are observed as shown in Fig. 4-27. It is suggested that to shorten 
parallel length of concave regions against the sliding direction increase adhesion strength 
between carbon films and substrate. Thus, it is argued that surface texturing should be 
designed to strongly adhere carbon films.  
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Fig. 4-20 Schematic illustration of SiC disk with parallel grooves. 
  
Width: 20 m Pitch: 200 m 
Depth: 10 m 
Top view 
Cross-sectional view 
25 parallel grooves 
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Fig. 4-21 Whole view of wear track of SiC disk with parallel grooves. The arrows indicate the 





Fig. 4-22 (a) 
Fig. 4-22 (b) 
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Fig. 4-22 Magnified view of wear track of SiC disk with parallel grooves. The arrows indicate 




(a) Front region 
(b) Rear region 
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Fig. 4-23 Captured flakes and particles at the edge of concave region. The arrows indicate 
the sliding directions of counter material.  
  
2 m 
1 m 300 nm 
(b) 
(c) 
(a) Edge of concave region 
(b) Captured flakes (c) Captured particles 
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Fig. 4-24 Captured particles at the edge of protruded carbon films. The arrows indicate the 
sliding directions of counter material. 
  
5 m 10 m 
2 m 300 nm 
(a) Tilt view 
(c) Magnified view (d) Captured particles 




Improvement of Water Lubrication Properties with 
















(a) Optical image 
(b) Schematic illustration 
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Fig. 4-26 Wear track of SiC disk with 4 types of concave regions. (a) and (b) are different 




(a) Top view 
(b) Tilt view 
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Fig. 4-27 Delamination of carbon films formed in concave regions. The arrow indicates the 
sliding direction of counter material. 
  
Films remained 
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 Cross-sectional analysis of carbon films formed on texture 
  For cross-section observation, a sample was prepared using FIB. The sample was observed 
by FE-SEM (Versa 3D, FEI) and by TEM. Cross-sectional SEM image of the wear scar of 
textured SiC ball (30 m pitch) after sliding in CNH-water is shown in Fig. 4-28. CNHs are 
embedded to the bottom which has laser-induced periodic surface structures of concave region. 
Cracks are generated in the embedded regions. It is estimated that the crack along front side 
of concave region against the sliding direction is induced by tensile stress caused by shear. 
Generation of such crack at front edge of concave region is observed occasionally as shown in 
Fig. 4-29 or in Fig. 3-18 (d). Due to generation of this crack, carbon film will be protruded. As 
discussed in section 4.4, protruded regions of carbon films can capture CNHs. It is believed 
that the shape of carbon films as shown in Fig. 4-30 is formed as a result of self-repair by 
CNHs.  
As mentioned, CNHs are embedded to the bottom of concave region. In consequence, it is 
expected that laser-induced periodic surface structure (LIPSS) on the bottom exerts the 
anchoring effect. Strength of adhesive bonding can be controlled by surface roughness [12,13]. It 
is known that adhesion strength of plating films is improved by roughening of substrate [14]. 
Besides, nanometric precise structure of substrate also can improve adhesion strength of 
plating film [15]. It has also been reported that LIPSS improves adhesion strength of diamond-
like carbon film [16]. As shown in Fig. 4-27, carbon films remain in the bottom although 
delamination occurs, suggesting carbon films adhere strongly onto substrate via LIPSS. In 
order to clarify effect of LIPSS on the formation of carbon film, LIPSS was formed whole 
surface of SiC disk (LIPSS SiC disk). Wear track of LIPSS SiC disk after friction test in CNH-
water (1.00 mass%) is shown in Fig. 4-32. Carbon films are formed uniformly on large area 
comparted to that on SiC without texture (Fig. 3-9 (b)). This results reveal that LIPSS 
improves adhesion strength between carbon films and substrate. Thus, it is proposed that 
formation of carbon films from CNHs is controlled by micro- and nano- surface texturing. 
  Fig. 4-31 shows cross-sectional TEM image of top surface of carbon films shown in Fig. 4-28 
(b). Clear shape of structure of CNH is not observed. Dark layer (approximately 6 to 7 nm) is 
observed at top surface. In general, increase of density of the layer is one reason for dark 
contrast. Therefore, it is estimated that top surface of carbon films become dense by friction. 
It is assumed that formation of carbon films adheres to substrate strongly enough to change 
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structure of carbon films by rubbing.  
From a series of observation of carbon films formed during friction in CNH-water, process 
and mechanism of formation of lubricious carbon films from CNHs are summarized in Fig. 
4-33 and proposed as follows. 
 
i. Capture of particles of CNHs from counter materials at the edge of texture 
ii. Progress of carbon films with capturing CNHs, integrating CNHs, and creating 
nanointerface 
iii. Generation of cracks and protruded region 
iv. Capture of particles CNHs at the edge of protruded region 
v. Repair of generated crack 
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Fig. 4-28 Cross-sectional SEM image of carbon film. The black arrows indicate the sliding 
directions of counter material. 
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Fig. 4-29 Typical images of generation of crack. The black arrows indicate the sliding 
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Fig. 4-30 Typical images of protruded shape of carbon films. The black arrows indicate the 
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Fig. 4-32 Wear track of LIPSS SiC disk after friction in CNH-water (1.00 mass%). The arrows 
indicate the sliding directions of counter material. 
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(a) Wear track 
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Fig. 4-33 Summary of formation of carbon film on concave region. 
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 Design of tribological systems with carbon nanohorn  
In order to keep low and stable friction with carbon films, sustained compression shearing 
to CNHs in friction interface will be essentially required. Although carbon films are formed on 
worn surfaces without texturing thanks to original concave regions of SiC, adhesion strength 
of substrate and carbon films is not strong. Actually, formed films on disk without texture is 
peeled-off easily by scanning with stylus of surface profiler (Fig. 4-34). Due to employing 
concave regions as pit shape on substrate with picosecond laser, carbon films can be self-formed 
selectively on formed concave regions with high adhesion strength to substrate. This structure 
enables to induce structural change of top surface of carbon films and to prohibit contact of 
substrate, resulting low and stable friction property.  
On the other hand, when designing tribological systems with CNH-water, lower 
concentration of CNH is preferable because excess volume of CNH may adverse influences 
such as clogging. As shown in Fig. 4-35, friction coefficient in CNH-water (0.10 mass%) with 
textured disk (30 m pitch) is higher than that without texture. Almost all concave regions are 
not embedded with CNHs as shown in Fig. 4-36. At the edge of concave region, captured CNHs 
were not observed. Therefore, it is estimated that compression of CNHs is insufficient when 
captured volume of CNHs is small, resulting that captured CNHs are delaminated before they 
adhere to substrate. Concentration dependency of average friction coefficient with and without 
textured disk is shown in Fig. 4-37. The curve of concentration dependency is shifted to the 
higher concentration side by introducing textured disk (30 m pitch). This shift indicates that 
low friction range with CNH-water is contracted by textured disk. 
Friction property of textured SiC/SiC in CNH-water (0.10 mass%) is shown in Fig. 4-38. By 
introducing texturing on ball, low and stable friction property is achieved even in 0.10 mass%. 
Whole concave regions were embedded by CNHs as same as in CNH-water (1.00 mass%). In 
ball-on-disk friction test, ball contacts to disk continuously while a part of disk contacts to ball 
once per rotation. Therefore, concave regions on ball are able to capture more CNHs than that 
on disk. Additionally, the number of concave regions within worn surface of textured ball is a 
few percent of that of textured disk, indicating that smaller total volume of CNHs for 
embedding all concave regions is required for textured ball. Thus, sufficient CNHs are 
captured and adhered to substrate by introducing textured ball even in 0.10 mass%. Fig. 4-39 
shows friction properties of textured SiC (30 m pitch)/SiC in various concentration of CNH-
Chapter 4 
Improvement of Water Lubrication Properties with 
Silicon Carbide by Control of Self-formed Solid Lubricant Films 
131 
water. Correlation of running-in distance and concentration is shown in Fig. 4-40. Running-in 
distance is calculated as described in Fig. 4-10. Running-in distance is lengthen with 
decreasing concentration. Concentration dependency of average friction coefficient with 
textured ball is shown in Fig. 4-37. The curve of concentration dependency is shifted to the 
lower concentration side by introducing textured ball. Low friction range with CNH-water is 
expanded by textured ball. Fig. 4-42 shows Stribeck curve of textured SiC/SiC in CNH-water 
(0.10 mass%). Low friction coefficient is obtained by textured ball even in 0.10 mass% of CNH-
water under boundary lubrication regime. 
In summary, it was shown that it is important to form carbon films with strong adhesion on 
substrate and that micrometer- and nanometer- shapes of surface texturing contributes to 
strong adhesion of carbon films. It was shown that self-formed surface with embedded solid 
lubricants gives stable low friction and that formed carbon film itself acts as secondary texture 
which enables to self-repair of carbon film. Furthermore, it was shown that design of surface 
texturing realizes self-formation of surface with embedded solid lubricants even in lower 
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Fig. 4-34 Carbon films after scanning with stylus of surface profiler. The arrows indicate the 
sliding direction of ball and the scanning direction of stylus. 
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Fig. 4-36 SEM images of wear track of textured disk (30 m pitch) after friction in CNH-
water (0.10 mass%). The arrows indicate the sliding directions of counter material. 
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Fig. 4-37 Effect of textured disk on concentration dependency. 
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Fig. 4-38 Friction properties of SiC/SiC with textured ball and with textured disk in CNH-
water (0.10 mass%). 
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Fig. 4-39 Textured SiC/SiC in various concentration of CNH-water. 
 
 
Fig. 4-40 Effect of concentration of CNH on running-in distance. 
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Fig. 4-41 Effect of textured ball on concentration dependency. 
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 Conclusions 
(1) Either of textured disk (30 m pitch) and textured ball (30 m pitch) enables selective 
formation of carbon films on formed concave regions, which improves stability of friction 
properties. 
(2) Micrometer- and nanometer- shapes of surface texturing contributes to strong adhesion 
of carbon films Laser-induced periodic surface structure improves adhesion strength 
between carbon films and substrate. 
(3) Concentration dependency of friction properties is improved by textured ball (30 m 
pitch). Thus, surface texturing can expand the range of use of carbon nanohorn as 
additive. 
(4) It was demonstrated that design of surface texturing allows self-formation of surface 
with embedded solid lubricants on continuously-contacting surface, ball surface in ball-
on-disk friction test, in lower concentration of CNH-water. 
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 Introduction 
  Single-digit nanodiamond has most of the properties of diamond including high hardness, 
high Young’s modulus, high thermal conductivity and chemical stability [1]. It composes of core 
of sp3 carbon and graphene shell of sp2 carbon [2]. Various functional groups can be applied to 
its surface, which expands functions and application field of nanodiamond. Tribology is one of 
application field of nanodiamond. There have been various studies about lubrication with 
nanodiamond, and good influences on wear or friction have been reported. Its effects have been 
discussed in various mechanisms such as rolling as nano-bearing [3,4], embedding to substrate 
[5, 6], formation of carbon film [7] or polishing [8]. It has been pointed out that nanodiamond has 
hydrated layer surrounding its particle [9], resulting use in water environment is preferred. 
Therefore, it has been tried to use nanodiamond as additive for water lubrication [3,6,7]. 
  In chapter 3, although CNH was added to suppress mechanical wear to control wear mode 
of SiC, it was not able to induce chemical change of SiC. Diamond particles are widely used as 
abrasive so that lubricity of nanodiamond itself cannot expected so much. However, active 
change of frictional interface by addition of nanodiamond is expected because of its properties 
including hardness, smallness (i.e. single nanometer) and interfacial water. In this chapter, 
therefore, nanodiamond is added in water to enhance chemical wear of SiC. It is clarified that 
effect of addition of nanodiamond is strongly depend on concentration. Finally, it is shown that 
addition of nanodiamond enables to induce tribochemically dominated wear of SiC and to self-
form low frictional nanointerface, resulting improve of load carrying capacity. 
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 Experimental procedure 
  Detonation nanodiamond dispersion was used. Detonation nanodiamond mainly terminated 
by hydroxyl groups and hydrogen (DAICEL CORPORATION, referred to as OH-terminated 
nanodiamond) was used. Particles have an average diameter of 4–5 nm and are dispersed in 
water. Arbitrary concentration of nanodiamond dispersions were prepared by adding purified 
water to as received nanodiamond dispersions. Prepared nanodiamond dispersion is referred 
to as ND-OH. Before each friction test, dispersion was dispersed in the ultrasonic bath for 5 
minutes.  
 
 Friction and wear properties of SiC/SiC in water with nanodiamond 
  Typical friction property in ND-OH (1.000 mass%) is shown in Fig. 5-1. High and unstable 
friction is confirmed. Comparison of friction properties in CNH-water and ND-OH is shown in 
Fig. 5-2. Data in Fig. 5-2 is smoothed with the moving average method to emphasize trends of 
friction. In the rest of this thesis, data of friction coefficient is shown as smoothed with the 
moving average method. Worn surfaces after friction in ND-OH (1.000 mass%) are shown in 
Fig. 5-3. Iridescent films are formed partially on worn surfaces. This films exist not only on 
inside but also on outside of the wear scar of ball (Fig. 5-3 (a)). Therefore, it is assumed that 
films on inside of the wear scar include films formed independently from friction. SEM image 
of the wear scar of ball (Fig. 5-3 (a)) is shown in Fig. 5-4. Formed film and substrate were 
analyzed by EDX. As shown in Table 5-1, formed film consists of 98.6% carbon. Therefore, it is 
suggested that iridescent films are formed from OH-terminated nanodiamond. Similar to CNH, 
high concentration of nanodiamond self-forms films.  
Friction properties in various concentration of ND-OH are shown in Fig. 5-5. At 0.100 and 
0.010 mass%, unstable friction properties are observed. On the other hand, at 0.001 mass%, 
minimum average friction coefficient of 0.01 is achieved. Optical images of worn surfaces after 
friction in various concentration of ND-OH are summarized in Fig. 5-6. At 0.100 mass% (Fig. 
5-6 (a, b)) and 0.010 mass% (Fig. 5-6 (d)), iridescent carbon films are observed on worn surfaces. 
Fig. 5-7 (a) shows typical SEM images of carbon film formed in ND-OH. Carbon film is 
elongated in the opposite direction from the sliding direction, which is the same as the 
formation of carbon films in CNH-water (Fig. 5-7 (b)). At 0.001 mass%, such films are not 
observed (Fig. 5-6 (e, f)). 
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  Fig. 5-8 shows effect of concentration of OH-terminated nanodiamond on average friction 
coefficient. Average friction coefficient decreases with decreasing concentration from 1.000 to 
0.001 mass%. Effect of concentration of OH-terminated nanodiamond on wear properties is 
shown in Fig. 5-9. Specific wear rates of ball in ND-OH increases with increasing concentration. 
Moreover, specific wear rates in high concentration are higher than that in water. From these 
results, it is indicated that iridescent carbon films formed in ND-OH act as abrasive and have 
high shear strength. It was clarified that although both of nanodiamond and carbon nanohorn 
can form carbon films, the effects of their films on tribological properties vary with the variety 
of nanocarbon. In case of nanodiamond, slight addition where formation of carbon film is 
inhibited is effective for improvement of friction and wear properties. This trend is completely 
different from CNH. 
Friction properties in ND-OH at 0.001 and 1.000 mass% under different driving conditions 
are shown in Fig. 5-10. Driving conditions were selected to evaluate friction properties under 
higher contact pressure and lower sliding velocity. At 1.000 mass%, relatively unstable friction 
properties are induced. Optical images of worn surfaces are shown in Fig. 5-11 and Fig. 5-12. 
Iridescent carbon films on worn surfaces are observed after friction in ND-OH (1.000 mass%). 
Fig. 5-13 shows Stribeck curves in ND-OH. At 1.000 mass%, average friction coefficients are 
in a range of 0.15–0.20 because contacts of iridescent carbon films are dominant. On the other 
hand, the curve in ND-OH (0.001 mass%) shifts to low G side compared to that in water, and 
shift amount is approximately a magnitude. In other words, slight addition of OH-terminated 
nanodiamond improves load carrying capacity of SiC/SiC in water about tenfold. 
In high concentration of ND-OH, liquid becomes cloudy by friction tests. Fig. 5-14 shows a 
picture of liquid on disk after friction test in ND-OH (0.100 mass%). White cloudy regions are 
thought to be aggregated nanodiamond. Zeta potential in water of OH-terminated 
nanodiamond is positive. In general, zeta potential of SiO2 particle in water (around pH=7) is 
negative. When two particles of positive zeta potential and negative zeta potential are mixed 
in solution, these particles are attracted each other and then aggregate. Therefore, it is 
estimated that interaction between generated wear particles and OH-terminated 
nanodiamond induces aggregation during friction in high concentration of ND-OH, which 
enhances formation of films exacerbating friction and wear properties.   
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Fig. 5-1 Friction properties of SiC/SiC in ND-OH (1.000 mass%). 
 
 
Fig. 5-2 Comparison of friction properties in CNH-water and in ND-OH. Moving averages 
of friction coefficient are shown. 
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Fig. 5-3 Optical images of worn surfaces of (a) ball and (b) disk after friction in ND-OH 
(1.000 mass%). The arrows indicate the sliding directions of counter material. 
 
 
Fig. 5-4 SEM image of the wear scar of ball after friction in ND-OH (1.000 mass%). Film 
(point A) and substrate (point B) were analyzed by EDX. The arrow indicates the 
sliding direction of counter material. 
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Table 5-1 Result of quantitative EDX analysis of the wear scar of ball after friction in ND-OH 
(1.000 mass%). Positions of point A and B are shown in Fig. 5-4. 
 




Fig. 5-5 Friction properties in various concentration of ND-OH. 
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Fig. 5-6 Optical images of worn surfaces after friction in ND-OH at concentration of (a, b) 
0.100 mass%, (c, d) 0.010 mass% and (e, f) 0.001 mass%. The left images (a, c, e) 
and the right images (b, d, f) are worn surfaces of ball and disk, respectively. The 
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Fig. 5-7 Typical SEM images of carbon films formed in ND-OH (a) and CNH-water (b). The 
black arrows and the red arrows indicate the sliding directions of counter material 
and the directions of elongation of film, respectively. 
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Fig. 5-8 Effect of concentration of ND-OH on average friction coefficient. 
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Fig. 5-10 Friction properties in ND-OH under different driving conditions. 
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Fig. 5-11 Optical images of worn surfaces after friction test shown in Fig. 5-10 (a). At 
concentration of (a, b) 1.000 mass% and (c, d) 0.001 mass%. The left images (a, c) 
and the right images (b, d) are worn surfaces of ball and disk, respectively. The 
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Fig. 5-12 Optical images of worn surfaces after friction test shown in Fig. 5-10 (b). At 
concentration of (a, b) 1.000 mass% and (c, d) 0.001 mass%. The left images (a, c) 
and the right images (b, d) are worn surfaces of ball and disk, respectively. The 
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Chapter 5 
Self-forming Nanointerface Determining Tribological Properties 
of SiC/SiC in Nanodiamond-added Water 
157 
 Frictional interface self-formed with OH-terminated nanodiamond 
  By slight addition of OH-terminated nanodiamond, load carrying capacity of SiC in water 
was improved. It is expected that tribochemically dominated wear is induced under severe 
contact condition by addition of nanodiamond. Therefore, created friction interface with OH-
terminated nanodiamond was investigated. 
Fig. 5-15 shows typical friction property of SiC/SiC in ND-OH (0.001 mass%) during 2000 m 
sliding. As described in previous section, low friction is achieved rapidly (i.e. less than 100 m), 
and low friction is kept until 2000 m. The comparison of surface roughness of the wear scar of 
ball after friction in water and in ND-OH (0.001 mass%) is shown in Fig. 5-16. Surface 
arithmetic mean height of the wear scar of ball after friction in ND-OH (0.001 mass%) is 
around 5 nm regardless in sliding distance. Thus, smoother friction interface is created in ND-
OH (0.001 mass%). Furthermore, smooth surface is already created after 1-m sliding, which 
means that effect of addition of OH-terminated nanodiamond appears with only 1-m sliding. 
It is assumed that smooth surface is continuously created because tribochemically dominated 
wear is realized.  
  Fig. 5-17 shows cross-sectional TEM image of top surface of the wear scar of SiC ball after 
100-m sliding in ND-OH (0.001 mass%). Formation of nanointerface is confirmed. 
Nanodiamond particles do not exist in nanointerface. Fig. 5-18 shows XPS spectrum of the 
wear scar of SiC ball after 100-m sliding in ND-OH (0.001 mass%). As summarized in Table 
5-2, XPS analysis does not show significant differences between created interface in water and 
in ND-OH (0.001 mass%). It is suggested that tribochemical reaction occurs even in ND-OH 
(0.001 mass%), resulting nanointerface is created. 
  As introduced in 2.3.4, wear particles were trapped into textured regions of ball. Fig. 5-19 
shows SEM image of trapped wear particles during friction in ND-OH (0.001 mass%). As 
shown in Fig. 5-20, Raman spectrum of tribochemical products trapped in ND-OH (0.001 
mass%) shows existence of graphitic carbon. Positions of observed two peaks in tribochemical 
products in ND-OH (0.001 mass%) and in water are almost same. Therefore, it is concluded 
that nanointerface is created with tribochemical reaction expressed in Eq. (5.1) in friction in 
ND-OH (0.001 mass%).  
 SiC + 2H2O → SiO2 + C + 2 H2 (5.1) 
  Fig. 5-21 shows the wear progress of SiC ball in ND-OH (0.001 mass%). Wear volume 
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increases linearly with sliding, which means that transition of wear mode does not occur 
during sliding. On the other hand, nanointerface is continuously created with tribochemical 
reaction. Therefore, it is concluded that slight addition of OH-terminated nanodiamond 
induces tribochemically dominated wear from early stage of friction. It has been reported that 
nanophase of water adsorbs on surface of hydrophilic nanodiamond [10]. Thus, nanodiamond is 
regarded as nanometric particle which delivers water. Single-digit size of particles allows to 
enter into friction interface easily. Therefore, it is assumed that nanodiamond entering friction 
interface helps the water layer keep in friction interface, which enables tribochemically 
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Fig. 5-15 Friction property of SiC/SiC in ND-OH (0.001 mass%) during 2000-m sliding. 
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Fig. 5-16 The change of surface roughness of the wear scar of ball with sliding in ND-OH 
(0.001 mass%). 
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(a) TEM image 
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Table 5-2 Comparison of elemental compositions of the wear scars.  
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Fig. 5-19 Tribochemical products trapped into textured region of ball during friction in ND-
OH (0.001 mass%). The arrow indicates the sliding direction of counter material. 
 
 
Fig. 5-20 Raman spectra of tribochemical products. 
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Fig. 5-21 The wear progress of ball in ND-OH (0.001 mass%). 
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 Wettability of friction interface 
  Low frictional nanointerface is created after 100-m sliding in ND-OH (0.001 mass%). As 
discussed in chapter 2, although nanointerface is continuously created during sliding in water, 
surface wettability changes with sliding. Moreover, the wear scar is more hydrophilic when 
low friction is achieved. Fig. 5-22 shows the change of contact angle of water on the wear scar 
of ball with sliding in ND-OH (0.001 mass%). Contact angle of the wear scar after sliding in 
ND-OH (0.001 mass%) is always below 40 degrees and decreases slightly with sliding, and 
reached value at 2000 m were almost same (around 30 degrees) as that value in water. Thus, 
in ND-OH (0.001 mass%), hydrophilic nanointerface is created in early stage of sliding.  
  In order to clarify relationship between friction properties and wettability of friction 
interface, the changes of contact angle of water on the wear scar of ball with sliding were 
further investigated. Relationship between average friction coefficient and contact angle of 
water on the wear scar of ball is summarized in Fig. 5-23. Average friction coefficient decreases 
with decreasing contact angle of water on the wear scar. Thus, friction coefficient highly 
depends on surface wettability of friction interface. Low friction coefficient (0.03 or under) was 
achieved when contact angle is no more than 42 degrees, showing that there is a critical 
wettability for achieving low friction coefficient. Hatta et al. have investigated the change of 
wettability of textured SiC during running-in [11]. Their results have shown that formation of 
hydrophilic nanointerface composing C, O and Si is important for achieving low friction 
coefficient under higher contact load. Properties of water confined in nanometric space have 
been investigated with using resonance shear measurement system [12]. It has been pointed 
out that higher surface wettability causes higher repulsive force of water which is confined 
between two surfaces in nanometer scale. From these studies, it is suggested that hydrophilic 
surface helps separation of surfaces, which contributes to achieve low friction coefficient.  
Relationship between contact angle of water on the wear scar of ball and specific wear rate 
of ball is shown in Fig. 5-24. Contact angle of water on the wear scar decreases with decreasing 
specific wear rate of ball. Specific wear rate less than 9.0×10-7 mm3/Nm is necessary to create 
hydrophilic surface (i.e. no more than 42 degrees). Nanointerface is continuously created 
during sliding. Therefore, it is reasonable to consider these changes of wettability as change of 
nanointerface. The lower specific wear rate is, the longer sliding created nanointerface is able 
to undergo before it is worn off. It is indicated that the more nanointerface is rubbed, the more 
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hydrophilicity nanointerface gets.  
The structure of nanointerface is estimated to be an amorphous layer containing Si, O and 
C. Mori et al. have investigated friction property of silicon containing diamond like carbon 
(DLC-Si) coatings under dry sliding condition [13,14]. It has been suggested that low friction is 
caused by formation of silanol groups (Si-OH) and adsorbed water during sliding. Generally, 
H-terminated surface shows hydrophobicity and OH-terminated surface shows hydrophilicity. 
Evidently, they have reported that contact angles of water on H-terminated silicon wafer and 
on OH-terminated silicon wafer is 18 and 72 degrees. Thus, it is suspected that silicon 
containing amorphous structure forms Si-OH by rubbing, resulting increases of surface 
wettability. Thus, it is proposed that not only formation of nanointerface, but also running-in 
of created nanointerface itself is required for creation of low frictional nanointerface of in water. 
Creation of nanointerface is believed to be controlled by two chemical reactions: formation of 
amorphous silica and carbon layer and formation of Si-OH. 
Slight addition of OH-terminated nanodiamond realizes tribochemically dominated wear 
from early stage of sliding so that SiC surface with smoothness and hydrophilicity is self-
formed. As a result, low frictional nanointerface is created under higher contact pressure, 
which enables to improve load carrying capacity of water lubrication of self-mated SiC.  
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Fig. 5-22 The change of contact angle of water on the wear scar of ball with sliding in ND-OH 
(0.001 mass%). 
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Fig. 5-23 Relationship between contact angle of water on the wear scar of ball and average 
friction coefficient. 
 
Fig. 5-24 Relationship between specific wear rate of ball and contact angle of water on the 
wear scar of ball. 
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 Conclusions 
(1) Addtion of 0.001 mass% of OH-teminated nanodiamond can decrease friction coefficient 
and specific wear rate of SiC/SiC compared to water. In higher concentration more than 
0.005 mass%, films from nanodiamond is formed in ND-OH, resulting high and unstable 
friction property.  
(2) Slight addition (0.001 mass%) of OH-terminated nanodiamond realizes tribochemically 
dominated wear from early stage of sliding so that load carrying capacity of SiC/SiC is 
improved by about tenfold. 
(3) Surface roughness and contact angle of water on worn surfaces are decreased in ND-
OH (0.001 mass%) compared to that in water. These changes of friction interface gives 
low friction coefficient in severe contact condition. 
(4) Nanointerface is continuously created in ND-OH (0.001 mass%) owing to tribochemical 
reaction between SiC and water.  
(5) There are critical values of contact angle of water on the wear scar of ball for achieving 
low friction in water. Creation of hydrophilic nanointerface is essentially required for 
low friction.  
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Improvement of Water Lubrication Properties with 
Silicon Carbide by Tribochemically-dominant Self-forming 
Nanointerface Controlled by Nanodiamond Addition 
 
 Introduction 
  In chapter 5, it was shown that slight addition of OH-terminated nanodiamond improves 
load carrying capacity of water lubrication of self-mated SiC based on proposed strategy which 
decreases friction in boundary lubricated contacts of self-mated SiC in water by induction of 
tribochemically dominated wear under severe contact condition. Various functional groups can 
be applied to its surface, which is one of control method of functions of nanodiamond.  
Therefore, in this chapter 6, modification of nanodiamond is applied for further improvement 
of water lubrication properties. 
 
 Experimental procedure 
  Detonation nanodiamond mainly terminated by carboxyl groups (DAICEL CORPORATION, 
referred to as COOH-terminated nanodiamond) was introduced. It has an average diameter of 
4–5 nm and are dispersed in water. Zeta potential in water of COOH-terminated nanodiamond 
negative. Prepared nanodiamond dispersions are referred to as ND-COOH. Before each 
friction test, it was dispersed in the ultrasonic bath for 5 minutes.  
 
 Effects of addition of COOH-terminated nanodiamond 
  Comparison of friction properties in ND-COOH and in ND-OH is shown in Fig. 6-1. Friction 
reduction in ND-COOH (1.000 mass%) is confirmed. Optical images of worn surfaces of SiC 
after friction in ND-COOH (1.000 mass%) are shown in Fig. 6-2. Although carbon films are 
formed in ND-OH as shown in Fig. 5-3, films are not observed in ND-COOH. Friction 
properties in various concentration of ND-COOH are shown in Fig. 6-3. Optical images of worn 
surfaces after friction in various concentration of ND-COOH are summarized in Fig. 6-4. Film 
formation and aggregation are not observed. As discussed in section 5.3, it was estimated that 
aggregation occurred in high concentration of ND-OH because OH-terminated nanodiamond 
has positive zeta potential. Film formation and aggregation were suppressed by using COOH-
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terminated nanodiamond which has negative zeta potential. It can be concluded that design of 
termination of nanodiamond enables to control aggregation properties during friction. 
Fig. 6-5 shows effect of concentration of COOH-terminated nanodiamond on average friction 
coefficient. Low friction is achieved at a concentration ranging from 0.001 to 1.000 mass% due 
to suppression of film formation. Compared to OH-terminated nanodiamond, COOH-
terminated nanodiamond gives low friction in a wide range of concentration. Effect of 
concentration of COOH-terminated nanodiamond on wear properties is shown in Fig. 6-6. 
Specific wear rates of ball in ND-COOH are in the order of 10-6 mm3/Nm. At 0.001 mass%, 
specific wear rate decreases almost by half compared to that in water. Friction properties in 
ND-COOH at 0.001 and 1.000 mass% under different driving conditions are shown in Fig. 6-7. 
Fig. 6-8 shows stribeck curves in ND-COOH. Average friction coefficients are plotted as a 
function of bearing characteristic number. The curve shifts to low G side by addition of ND-
COOH. Moreover, shift amount increases with decreasing concentration of ND-COOH from 
1.000 to 0.001 mass%. Stribeck curves of ND-COOH and ND-OH at 0.001 mass% are shown in 
Fig. 6-9. The curve of ND-OH is lower G side than that of ND-COOH. Although high 
concentration of ND-OH induces high and unstable friction, low concentration of ND-OH gives 
better friction property than ND-COOH. Thus, difference of termination of nanodiamond also 
has effects on tribological properties at low concentration.  
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Fig. 6-1 Comparison of friction properties in ND-COOH and in ND-OH. 
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Fig. 6-2 Optical image of worn surfaces after friction in ND-COOH (1.000 mass%). The 
arrows indicate the sliding directions of counter material. 
 
 
Fig. 6-3 Friction properties in various concentration of ND-COOH.  
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Fig. 6-4 Optical images of worn surfaces after friction in ND-COOH at concentration of (a, 
b) 0.100 mass%, (c, d) 0.010 mass% and (e, f) 0.001 mass%. The left images (a, c, e) 
and the right images (b, d, f) are worn surfaces of ball and disk, respectively. The 
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Fig. 6-5 Effect of concentration of ND-COOH on average friction coefficient. 
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Fig. 6-7 Friction properties in ND-COOH under different driving conditions. 
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 Control of wear for self-formation of low frictional nanointerface 
In previous section, it was clarified that although COOH-terminated nanodiamond gives low 
friction in a wide range of concentration, it gives relatively high friction and relatively high 
specific wear rate at 0.001 mass% of concentration compared to OH-terminated nanodiamond. 
Fig. 5-24 shows that not only enhancement of tribochemical wear, but also suppression of wear 
is required low frictional nanointerface. COOH-terminated nanodiamond induces excessive 
wear at 0.001 mass% of concentration so that created nanointerface undergo relatively short 
sliding before it is worn off. Thus, it is indicated that wear is important to continuously create 
low frictional nanointerface. 
Although addition of OH-terminated nanodiamond can create low frictional nanointerface, 
its nanointerface will be derived from SiC and water. In other words, addition of OH-
terminated nanodiamond causes change of SiC, resulting low friction coefficient is achieved. 
Friction and wear properties of SiC/SiC in water after sliding in ND-OH (0.001 mass%) were 
investigated. After 100-m sliding in ND-OH (0.001 mass%), lubricant was replaced with 
purified water. Fig. 6-10 shows effect of pre-sliding in ND-OH (0.001 mass%) on friction 
property in water. After replacement of lubricant, low friction coefficient is achieved even in 
water. Furthermore, pre-sliding in ND-OH (0.001 mass%) also improves wear property as 
shown in Fig. 6-11. Thus, friction and wear properties of SiC/SiC in water are drastically 
improved by pre-sliding in ND-OH (0.001 mass%). It was clarified that sliding in ND-OH 
(0.001 mass%), i.e. running-in with nanodiamond enhances generation of low friction in water. 
With decreasing initial roughness, wear of SiC or Si3N4 in water decreases [1,2]. Running-in in 
ND-OH (0.001 mass%) creates smooth interface (i.e. Sa is around 5 nm), so that the Hertz 
contact pressure on asperities decreases, resulting mechanical wear is suppressed even in 
water under higher contact pressure. Fig. 6-12 shows specific wear rate of SiC ball after 100-
m pre-sliding in ND-OH (0.001 mass%). Specific wear rate in ND-OH (0.001 mass%) shows 
higher value compared to that in water. This result demonstrates that OH-terminated 
nanodiamond has a role to increase chemical wear. On the other hand, it was clarified that 
chemical reaction of SiC without nanodiamond is sufficient to continuously create low 
frictional nanointerface after low frictional nanointerface is created with nanodiamond. For 
the practical use of nanodiamond, utilizing OH-terminated nanodiamond only for initial 
running-in of SiC itself is one of suitable design of tribological systems in water with 
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nanodiamond. From the point of view self-formation, creation of nanointerface and wear are 
closely tied to each other. It is proposed that nanodiamond should be utilized and designed to 
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Fig. 6-10 Effect of pre-sliding in ND-OH (0.001 mass%) on friction property in water. 
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Fig. 6-11 Effect of pre-sliding in ND-OH (0.001 mass%) on wear property of ball in water. 
 
 
Fig. 6-12 Specific wear rate of ball after pre-sliding in ND-OH (0.001 mass%). 
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 Conclusions 
(1) Film formation from nanodiamond and aggregation are inhibited by changing surface 
termination of nanodiamond from OH to COOH. 
(2) Although COOH-terminated nanodiamond gives low friction in a wide range of 
concentration, it gives relatively high friction and wear at 0.001 mass% of concentration 
compared to OH-terminated nanodiamond.  
(3) Running-in with OH-terminated nanodiamond drastically improves friction and wear 
properties of SiC/SiC in water.  
(4) It was proposed that utilizing slight nanodiamond only for initial running-in of SiC itself 
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  Water lubrication is an environmentally friendly lubrication technique. Silicon carbide (SiC) 
is a promising material for water lubrication. Low viscosity of water contributes to achieve low 
friction. On the other hand, water lubrication has low load carrying capacity owing to low 
viscosity, which restricts a usable condition of water lubrication. In order to solve this problem, 
the author focused on nanocarbons as additive for water. The objective of this thesis is to design 
low frictional interface using nanocarbons for improving load carrying capacity of water 
lubrication of self-mated SiC. 
  In chapter 2, running-in of SiC/SiC in water was investigated with ball-on-disk friction tester 
in order to clarify necessary condition for improvement of load carrying capacity. It was 
clarified that running-in of SiC in water is the process where self-formation of hydrophilic 
nanointerface becomes possible by transition of wear mode from mechanically dominated wear 
to tribochemically dominated wear. Basic strategy to decrease friction in boundary lubricated 
contacts of self-mated SiC in water is to induce tribochemically dominated wear under severe 
contact condition where mechanical wear is dominant. Design guideline of frictional interface 
with nanocarbons was decided.  
  In chapter 3, in order to suppress mechanical wear of SiC, carbon nanohorn (CNH) was used 
as additive. As a result, CNHs self-form carbon films on worn surfaces during friction, which 
gives low friction and low wear under boundary lubrication regime. However, it was clarified 
that addition of CNH is not able to enhance chemical wear of SiC. On the other hand, it was 
found that surface with embedded solid lubricants is self-formed by combination of CNH and 
surface texturing  
In chapter 4, self-formation technology of surface with embedded solid lubricants was 
developed with combining CNH and surface texturing. Texturing design allowed strong 
adhesion of carbon film to substrate, resulting low and stable friction property. Moreover, it 
was demonstrated that texturing design realizes continuous self-formation of the surface 
structure with embedded CNHs even at lower concentration on ball surface where wear is 
relatively severe because of continuous contact.  





Addition of OH-terminated ND induces tribochemically dominated wear of SiC from early 
stage of sliding so that low frictional nanointerface can be created under higher contact 
pressure. As a results, slight addition (0.001 mass%) of OH-terminated ND increased load 
carrying capacity of SiC/SiC in water about tenfold.  
  In chapter 6, COOH-terminated ND was applied to further improve friction properties. It 
was shown that design of surface termination of ND enables to control aggregation property 
during friction, which enables to give low friction in a wide range of concentration. On the 
other hand, COOH-terminated ND showed relatively high friction at 0.001 mass% of 
concentration compared to OH-terminated ND owing to relatively high specific wear rate. It 
was clarified that chemical reaction of SiC without nanodiamond is sufficient to continuously 
create low frictional nanointerface after low frictional nanointerface is created with 
nanodiamond. The main conclusions of this thesis are summarized as follows: 
 
(1) Specific wear rate of SiC ball decreases with sliding distance and reaches the order of 
10-8 mm3/Nm. Wear mode transits from mechanically dominated wear to 
tribochemically dominated wear. 
 
(2) During running-in of self-mated SiC in water, surface wettability increases with sliding 
distance while surface roughness does not change significantly. Sliding of self-mated 
SiC in water induces tribochemical expressed as below: 
 SiC + 2H2O → SiO2 + C + 2 H2  
   
(3) Thin amorphous layer (i.e. nanointerface) is continuously created on the wear scar of 
SiC ball with the tribochemical reaction during friction in water. Therefore, creation of 
nanointerface and occurrence of tribochemical reaction is not a condition sufficient to 
achieve low friction. 
 
(4) Low friction coefficient (around 0.05) and low specific wear rate (i.e. in the order of 10-7 
mm3/Nm) are obtained in 1.00 mass% of CNH-water. 
 





concentration of CNH enhances formation of carbon films. This carbon films act as a 
solid lubricant film, resulting friction reduction under boundary lubrication regime.  
 
(6) Addition of CNH suppresses mechanical wear of SiC by formation of carbon films, while 
it does not induce chemical change of SiC. 
 
(7) Surface texturing with picosecond laser allows selective formation of carbon films on 
textured regions in CNH-water. It was shown that surface texturing can expand the 
range of use of CNH as additive. 
 
(8) Addition of 0.001 mass% of OH-terminated nanodiamond can decrease friction 
coefficient to 0.01 and specific wear rate of SiC/SiC compared to water. In higher 
concentration more than 0.005 mass%, films from nanodiamond is formed in ND-OH, 
resulting high and unstable friction property. 
 
(9) Slight addition (0.001 mass%) of OH-terminated nanodiamond realizes tribochemically 
dominated wear from early stage of sliding and creation of low frictional nanointerface 
so that load carrying capacity of SiC/SiC is improved by about tenfold. 
 
(10) There are critical values of contact angle of water on the wear scar of ball for achieving 
low friction of self-mated SiC in water. It is essential to create hydrophilic nanointerface 
for low friction, and which is realized by decrease of specific wear rate. 
 
(11) Although COOH-terminated nanodiamond gives low friction in a wide range of 
concentration, it gives relatively high friction and wear at 0.001 mass% of concentration 
compared to OH-terminated nanodiamond. 
 
(12) Utilizing slight nanodiamond only for initial running-in of SiC itself is one of suitable 





















First, I would like to show my greatest appreciation to Prof. Koshi Adachi who supervised 
me. I am grateful for his continuous support and encouragement with his passion for research. 
I have learned his philosophy through daily life in Adachi-Takeno laboratory. I have the 
highest respect for him. 
I would like to thank Prof. Tsunemoto Kuriyagawa of Department of Mechanical Systems 
Engineering and Prof. Toshiyuki Hashida of Fracture and Reliability Research Institute for 
their review and discussions for improvement of this thesis. 
I would like to thank Assoc. Prof. Takanori Takeno for careful review of this thesis. He gave 
me insightful comments and suggestions. I have learned logical and simple thinking from him.  
I would like to thank Dr. Muneo Mizumoto of Nanotech Business Creation CONSULTING, 
Dr. Tsuzuki Kitamura and Dr. Toru Iijima of Nanotech Bank for providing carbon nanohorn 
sample, Mr. Hisayoshi Ito, Mr. Norihiro Kimoro and Mr. Tomohiro Goto of DAICEL 
CORPORATION for providing nanodiamond sample. They gave me lots of comments and 
advice with specialist knowledge of nanocarbon. 
I would like to thank all members in Adachi-Takeno Laboratory for lots of discussions and 
cheerful days with them. I appreciate Dr. Koki Kanda giving me lots of advice about my 
research, course and thesis writing. A reason that I chose Adachi laboratory was his kind 
introduction about laboratory. I am obligated to him. I would like to thank Mr. Daiki Suzuki 
and Ms. Xinmei Liu for their great efforts for research about carbon nanohorn. Their findings 
and considerations were quite important for this thesis. I would like to express my gratitude 
to Mr. Tomohiro Hayase and Mr. Tsutomu Ishii for their insightful discussions about water 
lubrication. Understanding of mutual researches gave me correct understanding of my results. 
I would thank to Ms. Ayako Yamamoto for her support and help throughout life in laboratory. 
I received generous encouragement from Mr. Wataru Sato and Mr. Takumi Matsuda who 
graduated from Adachi-Takeno laboratory. I would like to treasure my relationship with 
Adachi-Takeno laboratory members. 
Finally, I’m deeply grateful to my father, mother and sister for their support and 
encouragement of my Ph.D works and life in Sendai. 
January 2017, Hirotsuna Sato 
